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1.  Abstract 


The  objective  of  the  current  program  is  to  investigate  the  volume  scalability  of  nonequilibrium 
plasmas  produced  by  electrical  discharges  in  atmospheric  pressure  air.  Both  DC  and  repetitively 
pulsed  discharges  have  been  successfully  demonstrated  to  form  non-equilibrium  air  plasmas  at 
atmospheric  pressure  with  temperatures  below  2000  K  and  electron  densities  above  10  cm"  .  Such 
plasmas  represent  a  potential  for  aircraft  shielding,  and  many  other  applications,  e.g.  bio¬ 
decontamination.  The  critical  issues  are  the  dimensions  of  these  plasma  discharges  that  are  typically 
limited  to  cm-lengths  and  nun-diameters  at  maximum,  and  the  power  requirements. 

Key  results  demonstrate  that  both  DC  glow  discharge  and  pulsed  transient  spark  generate  air 
plasmas  of  required  parameters.  Glow  discharge  is  easier  for  volume  scaling  but  requires  larger 
power.  Glow  discharge  operated  in  fast  air  flows  preheated  to  2000  K  improves  the  volume  scaling 
but  at  very  high  powers  (including  the  preheating).  The  preheated  air  can  be  set  below  2000  K  at 
slower  flows,  thus  enabling  partial  gas  heating  of  the  discharge.  Corona  discharge  as  a  temperature 
probe  was  developed  to  diagnose  the  microwave  torch  preheated  air. 

A  new  concept  of  the  DC-driven  pulsed  discharge  was  tested:  transient  spark  (TS),  a  repetitive 
streamer-to-spark  transition  discharge  regime  of  very  short  pulse  duration  ( — 10-100  ns)  and  with  a 
very  limited  energy  so  that  the  generated  plasma  is  highly  nonequilibrium.  This  discharge  can  be 
maintained  at  low  energy  conditions  by  an  appropriate  choice  of  the  resistances  and  capacities  in 
the  electrical  circuit,  and  its  frequency  can  be  controlled  by  the  applied  voltage.  Its  activity  is 
comparable  with  the  nanosecond  repetitive  pulsed  discharges  but  its  advantage  is  an  ease  of  the  DC 
operation  and  no  need  of  special  and  expensive  high  voltage  pulsers  with  high  repetitive  frequency 
and  nanosecond  rise-times.  Our  calculations  of  temporal  evolution  of  electron  density  in  TS  based 
on  detailed  analysis  of  the  electrical  circuit  show  that  -10  cm"  at  maximum  and  -10  cm’  in 
average  are  reached.  By  setting  the  parameters  of  the  electric  circuit  (resistances,  capacity)  it  is 
possible  to  control  the  TS  parameters  and  properties. 

Time-integrated  and  temporally-resolved  optical  emission  spectroscopy  combined  with 
electrical  measurements  are  used  as  principal  discharge  diagnostics  techniques.  Investigating  the 
processes  occurring  during  TS  pulse  evolution  on  nanosecond  time  scales  is  crucial  for  deeper 
understanding  of  its  chemical  and  physical  activity.  Transient  spark  was  also  studied  in  preheated 
air  flows.  Preheated  air  decreases  the  gas  density  and  simulates  lowered  pressure,  which  is  generally 
favorable  for  plasma  scaling  and  high  altitude  aircraft  shielding.  Applying  TS  in  preheated  air  is 
also  interesting  for  the  tests  of  lean  flame  stabilization.  New  interesting  phenomena  and  transitions 
between  streamer-spark-glow  discharge  regimes  were  revealed  as  function  of  input  gas  temperature. 
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2.  Introduction 


This  annual  report  describes  progress  on  our  research  program  “Scaled-up  Nonequilibrium  Air 
Plasmas  Generated  by  DC  and  Pulsed  Discharges.”  This  program  is  supported  by  a  grant  from  the 
European  Office  of  Aerospace  Research  and  Development  of  Air  Force  Office  of  Scientific 
Research  (Grant  No.  FA8655-09-1-31 10)  and  is  conducted  in  the  group  of  Prof.  Zdenko  Machala  at 
Comenius  University  in  Bratislava.  This  research  program  is  tightly  linked  to  the  previous  EOARD 
AFOSR  research  program  (Grant  No.  FA8655-08-1-3061)  and  follows  up  the  results  obtained  by 
the  Stanford  Consortium  of  the  Plasma  Rampart  MURI  program  (Mechanisms  of  Ionizational 
Nonequilibrium  in  Air  Plasmas,  1997-2002),  and  by  the  Stanford  University  program  (Scaled-Up 
Nonequilibrium  Air  Plasmas,  2001-2004),  both  financed  by  AFOSR.  Prof.  Zdenko  Machala  was 
personally  involved  in  these  Stanford  programs  in  2002-2004. 

Large-volume  air  plasmas  at  atmospheric  pressure  present  considerable  interest  for  a  wide  range 
of  Air  Force  applications  in  plasma  aerodynamics  and  flow  control.  Desirable  conditions  are 
electron  densities  of  the  order  of  10  ~  cm"  and  gas  temperatures  less  than  2000  K.  Considerable 
advances  have  been  achieved  in  the  preceding  AFOSR  programs  (MURI  program  on  Air  Plasma 
Ramparts  [1]  and  Scaled-Up  Air  Plasmas  [2]).  In  particular,  they  have  demonstrated  that  it  is 
possible  to  produce  over  10  electrons/cm  in  atmospheric  pressure  air  with  either  DC  or 
repetitively  pulsed  discharges.  Furthermore,  they  have  experimentally  demonstrated  that  it  takes 
only  12  W/cm  of  power  to  produce  10  electrons/cm  with  a  repetitively  pulsed  discharge  in  air. 
This  power  level  is  about  250  times  lower  than  for  a  DC  discharge  producing  the  same  electron 
density. 

The  present  program  seeks  to  expand  on  the  results  of  these  preceding  programs.  Specifically, 
we  are  interested  in  scaling  up  the  DC  discharges  to  produce  larger  volumes  of  nonequilibrium  air 
plasma  and  to  reduce  the  power  budget.  At  the  same  time  we  make  efforts  to  understand  the 
elementary  processes  and  their  temporal  evolution  and  the  physical  mechanisms  that  limit  the  size 
of  an  individual  discharge.  Nanosecond-temporal  resolution  of  the  evolution  of  the  radiative  species 
and  the  processes  occurring  in  the  pulsed  transient  spark  leads  to  deeper  understanding  of  the 
elementary  plasma  processes  and  active  species  required  for  multiple  applications. 
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3.  Experimental  set-up,  methods  and  results 


The  experimental  set-up  and  methods  used  have  been  described  in  detial  in  the  previous  final 
report  [3]  (Grant  No.  FA8655-08-1-3061).  In  this  program  we  planned  buying  a  new  high  voltage 
pulse  generator  with  nanosecond  rise  time  pulses  and  ~10  kHz  frequency  range  for  ns  pulsed 
discharge  to  be  compared  with  DC-supplied  pulsed  discharge  (transient  spark).  The  ns  pulsed 
discharges  have  been  previously  demonstrated  to  require  about  lOOx  less  total  power  than  DC  glow 
discharges  [2].  Unfortunately,  due  to  a  delay  of  grant  payments  and  increased  prices  of  such  pulse 
generators  on  the  market,  we  had  to  postpone  its  purchase  to  the  next  grant  period.  Nevertheless,  we 
focused  on  deeper  investigations  of  DC-driven  transient  spark  discharge  in  ambient  as  well  as 
preheated  air,  including  developing  a  kinetic  model. 


3.1.  Optical  Diagnostics 

Optical  emission  spectroscopy  (OES)  is  known  to  be  a  very  useful  diagnostic  technique  of 
plasmas  because  it  allows  identification  of  active  species  and  radicals  in  the  plasma;  measuring  the 
gas  temperature  (as  the  rotational  temperature  Tr  that  equilibrates  with  the  gas  temperature  owing  to 
fast  collisional  relaxation  at  atmospheric  pressure);  determining  the  level  of  nonequilibrium  (by 
comparing  rotational  and  vibrational  Tv  temperatures),  and  under  certain  assumptions  measuring  the 
discharge  dimensions.  The  OES  diagnostics  system  was  also  described  in  the  previous  report. 
Besides  using  a  dual  fiber-optic  compact  spectrometer  Ocean  Optics  SD2000  with  CCD  detector  for 
fast  but  low  resolution  scanning  in  the  UV  and  VIS-NIR  regions  (200-500  and  500-1050  nm)  we 
started  alternatively  using  a  2-m  monochromator  Carl  Zeiss  Jena  PGS2,  covering  UV  and  VIS  (200- 
800  nm)  and  providing  spectral  resolution  of  0.1  nm,  equipped  with  an  intensified  CCD  camera 
Andor  Istar  for  much  better  spectral  and  temporal  resolution  necessary  to  track  the  nanosecond- 
short  time  scale  processes  occurring  in  the  transient  spark  pulses. 

We  have  described  a  problem  with  ICCD  camera  ns-time  resolved  evolutions  of  species  in 
transient  spark.  Since  the  transient  spark  is  a  self-pulsing  discharge,  the  only  way  to  catch  the  pulse 
evolution  by  the  ICCD  camera  is  triggering  the  camera  by  the  discharge  pulse  itself.  However,  due 
to  the  camera’s  insertion  delay  we  could  only  get  the  evolution  of  processes  and  radiative  species 
starting  ~20  ns  after  the  origin  of  the  current  pulse.  Unluckily,  the  first  20-25  ns  of  the  pulse  are 
critical  for  N2  second  positive  system  which  is  very  important  for  plasma  temperature 
measurements.  We  are  addressing  this  problem  by  using  a  long  (10  m)  optic  fiber  that  delays  the 
light  from  the  discharge  by  more  than  30  ns  so  that  this  light  enters  the  camera  after  it  is  already 
triggered  and  ready  to  acquire.  We  adjusted  our  optical  system  to  this  new  component. 

In  addition,  triggering  the  ICCD  camera  by  the  discharge  pulse  itself  is  dangerous  because  it  can 
damage  the  sensitive  electronics  in  the  camera  if  the  pulse  accidentally  exceeds  the  allowed  limit. 
So  we  constructed  a  special  trigger  pulse  generator  for  the  camera.  The  optimum  trigger  pulse  is 
induced  by  the  discharge  current  pulse  regardless  to  its  amplitude.  This  trigger  pulse  generator  was 
constructed  using  fast  transistors  to  keep  the  delay  of  the  discharge  signal  to  the  camera  system 
minimal  (~6  ns). 


6 


In  addition  to  nanosecond-resolved  emission  spectroscopy  perfonned  by  the  ICCD  camera 
system,  we  are  using  photomultiplier  tube  (PMT)  combined  with  wavelength-specific  optical  filters 
system  to  measure  the  nanosecond  evolution  of  species.  The  PMT  optical  system  has  been  set-up 
and  the  first  data  were  obtained. 


3.2.  Microwave  Plasma  Torch 

Experiments  with  DC  discharges  were  planned  in  ambient  and  preheated  air  at  atmospheric 
pressure.  We  originally  preheated  air  to  about  2000  K  with  a  microwave  plasma  torch  Litmas  Red 
powered  by  a  5  kW  magnetron  Richardson  Electronics  switching  power  generator  Model  SMI 050. 
The  torch  had  a  maximum  power  output  of  3  kW.  The  temperature  and  velocity  of  the  outgoing 
plasma  can  be  set  by  varying  the  power  output  and  gas  flow  rate,  as  well  as  by  using  water-cooled 
test  sections  and  nozzles.  The  torch  is  able  to  generate  air  plasmas  in  the  temperature  range  750- 
4700  K  at  flow  velocities  from  20  to  1400  m/s,  corresponding  to  gas  flow  rates  from  8  to  110  slpm 
(standard  liters  per  minute).  The  microwave  torch  head  and  a  close-up  view  of  the  air  plasma  plume 
at  typical  experimental  conditions  were  shown  in  the  previous  report  [3]. 

Since  we  encountered  problems  with  the  5  kW  magnetrons  (several  of  them  have  consecutively 
broken  due  to  the  reflected  microwaves),  the  fragile  5  kW  magnetron  was  therefore  replaced  with 
the  sturdy  1  kW  magnetron  typically  used  in  the  microwave  ovens  which  is  more  resistant  to  the 
reflected  waves.  This  provides  substantially  lower  power  into  the  plasma,  for  it  is  only  1  kW,  and  is 
not  optimally  matched  for  our  torch  system,  also  the  efficiency  of  the  magnetron  is  relatively  low 
(<50%).  Nevertheless,  as  was  shown  in  the  previous  report,  even  this  lower  power  magnetron  can 
be  well  used  to  preheat  air  flows  up  to  1500  K,  which  is  sufficient  for  our  investigations.  On  top  of 
that,  the  power  budget  of  the  entire  system  was  thus  lowered.  The  new  magnetron  and  its  output 
microwave  power  and  the  reflected  power  were  calibrated,  as  described  in  the  previous  report. 


3.2.1.  Corona  as  a  temperature  probe  in  the  preheated  air 

The  microwave  plasma  temperature  can  be  determined  by  OES  method  by  comparing  the 
measured  and  simulated  emission  spectra.  This  method  is  very  convenient  but  sometimes 
overestimates  the  temperature  if  detennined  from  the  emission  spectra  of  radicals  (e.g.  CN,  NO, 
OH).  The  radicals  can  gain  energy  in  the  chemical  process  of  their  production,  which  can  contribute 
to  the  elevated  temperature.  This  phenomenon  was  observed  by  other  authors  [4],  as  well  as  our 
previous  investigations  [5].  Therefore  we  determine  the  temperature  of  the  plasma  generated  in  air 
from  N2  spectrum  only,  since  N2  molecules  are  present  in  the  feeding  gas  and  are  not  produced  by 
chemical  processes  in  the  plasma.  In  near-equilibrium  MW  plasma  generated  in  air,  however,  the 
excitation  of  N2  takes  place  at  the  temperatures  above  6000  K  [6].  Such  high  temperatures  are 
hardly  reached  in  our  plasma,  especially  not  at  low  power  (362  W).  As  a  consequence,  there  is  no 
emission  of  N2  in  air.  At  higher  powers  we  just  observe  the  emission  of  NO  and  OH  radicals  and 
weak  noisy  02,  so  there  exists  no  appropriate  radiation  for  a  reliable  OES  diagnostics.  The  emission 
spectra  of  the  low  power  (362  W,  8  slpm)  MW  air  plasma  shown  in  Figure  1  demonstrate  but  the 
continuum  radiation. 

On  the  other  hand,  it  is  known  that  N2*  is  produced  in  non-equilibrium  air  plasmas,  e.g.  in  the 
corona  discharge.  In  this  strongly  nonequilibrium  discharge,  the  gas  temperature  is  low  (almost 
room  temperature)  but  the  high  temperature  of  electrons  is  sufficient  for  the  excitation  of  N2.  In  the 
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discharges  at  atmospheric  pressure,  the  rotational  temperature  balances  with  the  temperature  of  the 
surrounding  gas.  So  if  we  put  a  needle  electrode  with  DC  corona  discharge  directly  into  the  MW 
plasma  (Figure  2),  N2  is  produced  by  electron  excitation  but  its  rotational  temperature  is  balanced 
with  the  surrounding  gas  temperature  -  in  our  case,  the  temperature  of  the  MW  air  plasma.  The  cold 
corona  discharge  does  not  significantly  contribute  to  the  increase  of  the  gas  temperature.  So,  by 
combining  the  MW  plasma  with  corona,  we  can  determine  the  temperature  of  the  MW  plasma  (as  a 
rotational  temperature  of  N2  ). 


Figure  2.  Positive  DC  corona  discharge  in  the  MW  air  plasma,  with  indicated  dimensions  (left)  and  a  detail  (right). 


The  typical  OES  spectra  of  a  positive  DC  corona  discharge  (5  kV)  in  the  MW  preheated  air  (362 

3  3 

W,  8  slpm)  are  shown  in  Figure  3.  A  very  distinct  N2  (C  nu-B  ng)  system  applicable  for 
temperature  measurements  was  detected  in  the  UV,  with  the  strongest  intensity  at  337  mn  (0-0 
vibrational  band). 


In  the  experiments  with  DC  discharges  in  preheated  air  flows  it  is  very  important  to  know  the 
temperature  of  the  air  flow.  So  we  performed  a  series  of  experiments  to  verify  this  novel  corona 
probe  method  of  measuring  the  MW  preheated  air  plasma  temperature.  The  temperatures  of  the 
same  MW  air  plasma  jets  were  measured  by  a  thermocouple,  in  addition  to  the  corona  probe 
method.  The  comparison  of  the  measured  temperatures  by  both  methods  is  shown  in  Figure  4. 
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We  observe  a  fairly  good  agreement  between  the  MW  air  plasma  temperatures  measured  by  the 
corona  probe  and  the  thermocouple.  The  great  advantage  of  our  novel  corona  probe  diagnostics 
method  is  that  it  can  be  applied  up  to  much  higher  temperatures  where  the  use  of  thermocouples  is 
limited  or  impossible. 

A  journal  publication  of  this  novel  diagnostics  method  has  been  submitted  to  Plasma  Sources 
Science  and  Technology  and  is  in  the  review  process. 


450 


Figure  3.  Typical  UV  emission  spectra  of  the  positive  DC  corona  (5  kV)  in  the  MW  air  plasma  (362  W,  8  slprn). 


P  =  367W  ■  — Corona  1,  z=16  mm 


x  [mm] 


x  [mm] 


x  [mm] 


Figure  4.  Temperature  profiles  of  the  MW  air  plasma  at  various  powers  and  flow  rates  measured  by  the  corona 
probe  and  thermocouple.  Corona  1  and  2  correspond  to  two  measurement  sets. 
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3.3.  Transient  spark  (TS) 

TS,  depicted  in  Figure  5  and  described  in  many  details  in  the  previous  report  [3],  represents  a 
simple  solution  to  generate  short  (-100  ns)  high  current  pulses  (-1  A)  with  high  repetition 
frequency /(-kHz).  Simple  means  that  TS  pulses  are  generated  by  a  simple  and  relatively  cheap  DC 
power  supply.  Emission  spectroscopy  proved  that  TS  current  pulses  generate  highly  reactive  plasma 
with  excited  atomic  radicals  (O*,  N*)  and  even  excited  ions  N2+*.  TS  has  already  been  successfully 
applied  for  various  environmental  and  bio-medical  applications  [7-9].  Various  applications  have 
different  demands  on  TS  with  respect  to  the  optimal  frequency,  energy  per  pulse,  etc.  So  the 
optimization  of  TS  for  various  applications  requires  further  research. 


Figure  5.  Photograph  of  TS  in  positive  needle  -  plane  gap  of  6  mm,  aperture  f/4.8.  TS:  1.2  kHz,  Imax=4  A,  U=7.5  kV, 
R=3.5  MQ,  exposure  /  s,  ISO  200. 


3.3.1.  Electrical  characteristics  of  TS 

A  control  of  the  TS  parameters,  such  as  repetition  frequency  f  peak  current  in  the  TS  pulse  Imax, 
pulse  duration,  energy  deposited  to  plasma  per  pulse,  etc.,  is  necessary  to  perfonn  the  optimization 
of  TS  towards  various  applications.  These  parameters  can  be  controlled  by  modifying  the  external 
circuit.  We  performed  s  detailed  study  of  the  influence  of  external  circuit  parameters  on  TS 
behavior.  Besides  external  the  ballast  resistor  R  and  the  internal  capacity  C  of  the  system,  we 
studied  the  role  of  an  additional  separating  resistor  r,  placed  between  high  voltage  (HV)  electrode 
and  HV  cable  connecting  it  to  the  power  supply  (Figure  6).  We  also  built  a  mathematical 
description  of  TS  parameters  dependences  on  these  external  components.  Thanks  to  the 
experimental  results  and  derived  analytical  expressions  we  are  able  to  estimate  a  time  evolution  of 
the  electron  density  ne  for  various  discharge  regimes,  including  the  influence  of  r  on  ne.  Detailed 
description  of  the  obtained  results  was  submitted  to  the  journal  Plasma  Sources  Science  and 
Technology  and  is  currently  in  the  review  process.  This  article  is  shown  in  full  as  Appendix  1 . 
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Briefly,  we  showed  that  TS  can  be  maintained  at  low  energy  conditions  (up  to  1  mJ/pulse)  by  an 
appropriate  choice  of  the  resistances  and  capacities  in  the  electrical  circuit,  and  its  frequency  can  be 
controlled  by  the  applied  voltage.  The  activity  of  TS  is  comparable  with  the  nanosecond  repetitive 
pulsed  discharges  [10-11]  but  its  advantage  is  an  ease  of  the  DC  operation  and  no  need  of  special 
and  expensive  high  voltage  pulsers  with  high  repetitive  frequency  and  nanosecond  rise-times. 

Our  calculations  of  temporal  evolution  of  electron  density  in  TS  based  on  the  detailed  analysis 

i  /:  _ -j  #  i  i  _ o 

of  the  electrical  circuit  showed  that  ne  ~  10  cm  at  maximum  and  ~10  cm  in  average  are 
reached. 

We  found  that  the  increasing  r  causes  that  it  takes  much  longer  to  discharge  the  charge  stored  in 
the  HV  cable  and  the  tail  of  the  current  pulse  can  be  thus  longer  than  several  tens  of  ps.  This 
additional  resistor  r  enables  to  merge  the  characteristics  of  TS  and  the  glow  discharge  together,  i.  e. 
relatively  high  current  pulses  (~1  A)  with  a  high  efficiency  of  radical  production  are  followed  by 
long  periods  with  the  current  above  1  mA  during  which  plasma  reaches  characteristics  typical  for 
high  pressure  glow  discharge.  Our  further  research  in  this  area  will  be  focused  on  scaling  up  the  TS 
discharge  to  produce  larger  volumes  of  non-equilibrium  air  plasma  and  to  reduce  the  power  budget. 


HV  probes 
U0  Ifi 


Figure  6.  Simplified  scheme  of  experimental  setup  used  to  study  the  influence  of  external  circuit  parameters  on  TS. 


3.3.2.  Optical  diagnostics  of  TS 

Better  estimation  of  electron  density  in  TS  requires  time-resolved  emission  spectroscopic  study 
and  imaging  with  fast  intensified  CCD  camera  coupled  to  a  monochromator  in  order  to  measure  the 
evolution  of  plasma  dimensions  and  the  gas  temperature  inside  the  plasma.  Optical  emission 
spectroscopy  (OES)  is  a  very  useful  diagnostic  technique  for  identification  of  active  species  and 
radicals  in  the  plasma  and  for  measuring  the  gas  temperature.  We  therefore  also  continued 
investigations  of  TS  by  OES  techniques. 

The  optical  study  of  TS  is  still  in  progress.  We  have  already  obtained  several  interesting  results 
summarized  in  the  contribution  at  International  symposium  on  high  pressure  low  temperature 
plasma  chemistry  “HAKONE  XII”  (http://neon.dpp.fimph.uniba.Sk/hakoneXII//),  which  is  attached 
in  full  as  Appendix  2. 
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In  summary,  TS  can  be  maintained  at  low  energy  conditions  (0.1-1  mJ/pulse)  and  the  generated 
plasma  cannot  therefore  reach  LTE  conditions,  although  the  current  pulse  can  lead  to  temporary 
increase  of  temperature  to  -2500  K.  The  global  time-averaged  temperature  however  remains 
relatively  low,  since  even  at  repetition  frequencies  above  10  kHz,  each  streamer-to-spark  process 
starts  at  -'450  K. 

Subsequent  increase  of  temperature  to  -1000  K,  accompanied  by  the  increase  of  the  reduced 
electric  field  strength  inside  the  plasma  channel,  governs  the  streamer-to-spark  transition. 
Shortening  of  an  average  streamer-to-spark  transition  time  with  increasing  TS  frequency  can  be 
explained  by  an  acceleration  of  temperature  growth. 

More  research  is  also  needed  to  explain  chemical  effects  of  TS.  Emission  profiles  show  that 
streamer  is  responsible  for  significant  part  of  the  total  emission  and  for  almost  all  emission  of  N?  2nd 
positive  system.  This  proves  the  importance  of  streamer  in  plasma  chemistry,  but  does  not  explain 
why  TS  was  demonstrated  more  efficient  for  effects  than  streamer  corona  (e.g.  in  bio¬ 
decontamination  or  flue  gas  cleaning  [7-9]).  We  suppose  that  during  the  initial  phase  of  the  spark 
pulse,  the  strong  chemical  effect  can  be  maintained  thanks  to  the  combination  of  a  relatively  strong 
reduced  electric  field  (>100  Td)  and  a  high  electron  density. 

Besides  interesting  results,  performed  experiments  also  brought  new  questions.  For  example,  we 
observed  that  streamer  to  TS  transition  was  governed  by  the  increase  of  the  gas  temperature  to 
-1000  K  (Figure  5b  in  Appendix  2).  This  increase  was  faster  at  higher  TS  repetition  frequencies, 
leading  to  faster  streamer-to-spark  transition  (Figure  3b  in  Appendix  2).  The  reason  for  this 
acceleration  will  require  further  research,  including  kinetic  modeling  of  chemical  processes  in  TS. 

3.3.3.  Kinetic  model  of  TS 

For  deeper  understanding  of  TS  temporal  evolution  during  the  streamer-to-spark  phase  and  the 
related  chemical  activity,  we  started  to  build  a  kinetic  model  of  TS.  Besides  this  modeling,  we 
continue  with  the  optical  studies,  which  will  be  required  for  the  validation  of  this  model.  The  main 
part  of  this  work  was  related  to  the  development  of  computational  package,  which  can  calculate  the 
evolution  of  species  concentration  in  the  plasma,  taking  into  account  the  pulsed  character  of  TS. 
The  developed  package  is  based  on  available  open  source  ZDPlaskin  libraries  [12]. 

Our  package  is  able  to  characterize  both  short  high  current  pulse  phase  of  the  discharge  with  fast 
changes  of  plasma,  and  the  long  relaxation  phase  (~ms)  between  the  pulses  with  slow  changes  of 
plasma  parameters.  Time  evolution  of  the  reduced  electric  field  strength  E/N  characterizing  TS  is 
loaded  from  an  external  file.  The  electron  density  ne  can  be  also  either  loaded  from  an  external  file, 
or  calculated  by  the  program  itself. 

The  time  evolution  of  E/N  and  ne  in  these  external  files  was  estimated  from  the  measured 
electrical  parameters  of  TS.  Detailed  description  of  the  procedure  for  the  estimation  of  ne  can  be 
found  in  Appendix  1 .  The  profile  of  E/N  ( Figure  7)  was  in  the  first  approximation  derived  directly 
from  the  measured  voltage  waveforms,  assuming  constant  value  of  E/N  along  the  TS  discharge. 
Such  simplification  means  that  this  E/N  profile  is  not  correct  before  and  during  the  propagation  of 
the  streamer.  Even  during  the  later  phase,  we  have  to  improve  the  estimate  of  E/N  by  considering 
changes  of  the  gas  temperature  and  pressure. 
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Finally,  our  developed  model  was  used  to  calculate  the  evolution  of  various  species  in  air 
plasma  generated  by  TS.  Calculated  data  were  qualitatively  compared  with  emission  profiles  of  N2 
(C-B)  and  O*  species  experimentally  obtained  by  PMT  module  (see  Figure  4,  Appendix  2).  Despite 
the  simplification  mentioned  above,  a  good  agreement  was  found  when  both  E/N  and  ne  were 
loaded  from  external  files  ( Figure  7)  and  we  considered  the  contribution  of  emission  from  TS 
current  pulse  itself  and  not  from  the  streamer.  On  the  other  hand,  significant  differences  between 
calculated  ( Figure  8)  and  experimental  emission  profiles  were  observed  if  ne  was  calculated  by  the 
model  itself.  It  can  be  explained  by  inaccurate  approximation  of  E/N  profile.  We  plan  to  generate 
sufficiently  accurate  E/N  profile,  and  our  model  should  then  presumably  generate  the  same  time 
evolution  of  ne  as  estimated  experimentally,  which  should  lead  to  identical  emission  profiles  as 
well. 


time  [ns] 

Figure  7.  Estimate  of  E/N  and  calculated  emission  profiles  of  N2(C)  and  excited  atomic  oxygen,  obtained  using  ne 
from  external  file  based  on  experimental  data. 
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Figure  8.  Estimate  of  E/N  and  calculated  emission  profiles  of  N2(C)  and  excited  atomic  oxygen,  obtained  during  the 
simulation  with  ne  calculated  internally  by  kinetic  model. 
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3.3.4.  Influence  of  the  gas  temperature  on  TS 

In  cooperation  with  the  group  of  our  international  partner  prof.  Christophe  Laux  at  Ecole 
Centrale  Paris,  Laboratoire  EM2C,  we  recently  performed  a  set  of  experiments  focused  on  the 
influence  of  initial  gas  temperature  Tg  on  TS.  There  are  several  reasons  why  to  be  interested  in  the 
influence  of  Tg  on  TS  behavior.  First,  increased  temperature  decreases  the  gas  density  N,  which  is 
generally  favorable  for  plasma  scaling.  Decreased  N  also  simulates  lowered  pressure  that  is  of 
interest  for  high  altitude  aircraft  shielding.  Another  example  is  applying  TS  for  the  stabilization  of 
lean  flames  that  normally  occur  at  elevated  temperatures.  As  described  in  Appendix  2,  the  streamer- 
to-spark  transition  process  is  governed  by  the  increase  of  the  temperature  from  an  initial  value 
(from  300  to  -450K  depending  on  the  TS  repetition  frequency)  to  around  1000  K.  Thus, 
experiments  with  initial  temperatures  gradually  increased  up  to  1000  K  can  contribute  to  the 
understanding  of  the  processes  governing  the  evolution  of  TS. 

Figure  9  shows  the  experimental  setup  used  in  Paris.  Experiments  were  carried  out  in 
atmospheric  pressure  air  preheated  with  controlled  ohmic  heater  to  300-973  K  with  an  axial  flow 
with  velocity  from  2  to  10  m/s.  The  distance  between  the  stainless  steel  needle  electrodes  in  point- 
to-plain  configuration  was  5  mm,  anode  at  the  top.  A  DC  High  Voltage  (HV)  power  supply  HCL 
14-20000  connected  via  a  series  resistor  (R  =  10  Mil)  limiting  the  total  current  was  used  to  generate 
a  positive  TS  discharge.  The  discharge  voltage  was  measured  by  a  high  voltage  probe  LeCroy 
PMK-14kVAC  and  the  discharge  current  was  measured  using  a  Pearson  Electronics  2877  (1V/A) 
current  probe  linked  to  a  350  MHz  digitizing  oscilloscope  LeCroy  Waverunner  434  (maximum 
2GS/s). 

The  UV-VIS  spectra  were  obtained  using  a  monochromator  (Acton  SpectraPro  2500i)  fitted 
with  an  intensified  CCD  camera  (Princeton  Instruments  PI-MAX).  For  time -resolved  optical 
emission  measurements,  a  photomultiplier  tube  (PMT)  module  with  a  1 .4-ns  rise  time  (Hamamatsu 
H9305-3)  was  used  in  place  of  the  monochromator.  Its  signal  was  recorded  using  the  oscilloscope. 
Besides  THE  total  emission,  we  monitored  emission  of  N2(C)  second  positive  system  by  inserting  a 
bandpass  interference  filter  transparent  at  337  nm  (3nm  width)  into  the  optical  path. 


Figure  9.  Simplified  scheme  of  experimental  setup  used  to  study  the  influence  of  gas  temperature  on  TS. 
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The  most  obvious  influence  of  an  increased  Tg  on  electrical  discharges  is  the  decrease  of  voltage 
required  to  initiate  them.  This  is  actually  caused  by  the  decrease  of  gas  density  N.  Thus,  lower 
electric  field  E  (and  lower  applied  voltage  U00)  is  necessary  to  achieve  the  same  reduced  electric 
field  strength  E/N  necessary  to  initiate  a  spark  breakdown.  We  observed  this  phenomenon  for  the 
applied  voltage  Uoa  necessary  to  initiate  the  TS,  approximately  determined  by  solid  red  line  of 
Figure  10.  This  figure  shows  a  map  of  possible  discharge  regimes  which  were  obtained  in  our 
electrical  setup  at  given  conditions  (flow  velocity  2  m/s,  gap  distance  5  mm,  R  =  10  MQ)  as 
function  of  the  applied  voltage  and  input  Tg.  Beside  stable  (regular)  TS  regime  (see  also  Figure  4b, 
Appendix  1  for  explanation),  we  observed  other  discharge  regimes: 

-  Unstable  TS:  At  low  U00,  TS  has  no  regular  repetition  frequency  and  it  may  cease  and 
switch  to  streamer  corona;  at  high  U00,  TS  may  occasionally  switch  to  the  glow  discharge;  at 
77>600  K  either  to  glow  or  to  streamer  regime. 

-  Stable  streamer :  At  low  Tg,  a  typical  streamer  pulse  of  some  -10  mA  accompanied  by  no  or 
very  small  voltage  drop.  At  7y>600  K,  a  typical  streamer  is  instantly  followed  by  partial  discharging 
of  the  capacity  C  of  the  electrical  setup  resulting  in  stronger  (-100  mA)  and  much  longer  (~ps) 
current  pulses  accompanied  by  a  substantial  voltage  drop.  However,  these  current  pulses  are  much 
smaller  and  longer  (~ps)  than  typical  TS  pulses  (Figure  11)  resulting  from  the  total  discharging  of 
C.  This  “elongated”  streamer  discharging  is  followed  by  recharging  of  C,  similar  to  TS  discharge, 
repeating  with  a  characteristic  frequency  of  -1-20  kHz,  depending  on  U00.  At  72=973  K,  these 
streamers  and  TS  pulses  become  quite  similar. 

-  Unstable  streamer  is  similar  to  unstable  TS  discharge  regime:  at  low  U00,  streamer  has  no 
regular  repetition  frequency  and  may  cease;  at  high  U0O,  streamer  pulses  are  randomly  mixed  with 
TS  pulses  and  may  occasionally  switch  to  unstable  GD  regime. 

-  Unstable  glow  discharge  (GD)  is  characterized  by  periods  of  relatively  constant  discharge 
voltage  (-2  kV)  and  constant  current  (-mA)  typical  for  the  glow  discharge,  occasionally  altered 
with  periods  of  TS  or  streamer  pulses  (see  also  Figure  4c,  Appendix  1  for  explanation). 


Figure  10.  Discharge  regimes  as  function  of  applied  voltage  U00  and  gas  temperature  Tg  at  flow  velocity  2  m/s,  gap 
distance  5  mm,  R  =  10  M£2.  Red  solid  line  -  boundary  of  TS  regime,  green  solid  and  dashed  line  -  transition 
to  unstable  GD  regime  at  lower  and  higher  temperatures,  respectively. 
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Figure  11.  Typical  waveforms  of  streamer  regime  (current  multiplied  by  20),  Tg  =  900  K,  Uoa  = 3.7  kV,  compared  to 
ocassional  current  pulse  of  unstable  TS  regime,  obtained  at  Tg  =  900  K,  Uoa  =  6.7  kV. 

Since  we  observed  the  “elongated”  streamer  for  the  first  time,  its  understanding  will  require 
further  research  and  we  do  not  discuss  it  in  this  report.  We  focus  on  the  changes  of  TS  behavior 
with  increasing  Tg. 

Thanks  to  the  mechanism  of  the  decrease  of  gas  density  N,  the  increase  of  Tg  also  leads  to  the 
decrease  of  TS  breakdown  voltage  Uts-  According  to  equation  4  in  Appendix  l,  a  decrease  of  Uts 
implies  that  lower  U00  is  necessary  to  achieve  the  same  TS  discharge  repetition  frequency.  This  was 
experimentally  confirmed,  as  shown  in  Figure  12.  Next,  we  found  that  the  decrease  of  Uts  with 
growing/observed  previously  at  300  K  (see  Fig.  6,  Appendix  2),  that  is  caused  by  an  additional  gas 
heating  (Appendix  2),  happens  also  at  higher  temperatures  (Figure  13). 

We  assume  that  besides  the  decrease  of  N,  there  are  other  mechanisms  related  to  the  increase  of 
Tg,  playing  role  in  changes  of  various  discharge  regimes.  For  example,  we  can  see  that  onset  voltage 
U00  necessary  for  the  transition  to  unstable  GD  regime  (Figure  10,  green  solid  line)  decreases  with 
growing  Tg  faster  than  U00  necessary  for  the  appearance  of  TS  regime  (Figure  10,  red  solid  line).  As 
a  result,  at  around  700  K,  streamer  jumps  directly  to  unstable  GD  and  it  is  not  possible  to  achieve 
stable  TS  discharge.  Further  research  is  required  to  identify  this  mechanism,  but  we  already  assume 
that  involved  processes  depend  on  the  growing  Tg  so  that  GD  can  be  established  even  at  lower 
current  than  at  ambient  Tg.  Therefore  at  higher  Tg,  transition  to  unstable  GD  occurs  at  lower  TS 
mean  current  Imean,  and  thus  also  at  lower  TS  repetition  frequency  (Figure  14). 

It  is  interesting  that  further  increase  of  Tg  above  800  K  leads  to  the  increase  of  onset  voltage  U00 
necessary  for  the  transition  to  unstable  GD  regime  (Figure  10,  green  dashed  line).  This  implies  that 
there  is  yet  another  process  involved  in  the  mechanism  of  TS  and  GD  development,  which  most 
probably  dominates  at  high  temperatures.  As  a  result,  stable  TS  discharge  can  appear  again  at 
-1000  K.  It  is  also  worth  mentioning  that  measurements  of  time  evolution  of  Tg  during  the 
streamer-to-spark  process  (see  Appendix  2)  also  showed  that  transition  to  TS  happens  when  gas 
temperature  increases  to  about  1000  K.  For  this  reason  we  suppose  that  it  could  be  the  same  process 
that  is  responsible  for  the  appearance  of  stable  TS  at  input  Tg  =  1000  K. 
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Changes  of  other  TS  parameters,  such  as  maximum  current  Imax,  duration  of  the  pulses,  or 
energy  delivered  to  gap  per  pulse  (Ep)  are  not  directly  dependent  of  Tg.  They  can  be  expressed  as 
functions  of  Uts,  so  the  dependence  on  Tg  is  only  indirect  via  the  decrease  of  Uts  with  Tg.  As  a 
result,  we  observe  the  same  behavior  at  all  temperatures,  such  as  a  decrease  of  Imax  and  an  increase 
of  pulse  duration  (characterized  by  full  width  at  half  of  the  maximum  FWHM)  as  Uts  decreases 
(Figure  15  and  16).  Total  charge  and  energy  per  pulse,  Qp  and  Ep,  could  be  simply  calculated  from 
Uts  by  following  formulas: 

QP  =  CxUts  (1) 

Ep  =  V2  CxUTs  (2) 

where  C  is  the  total  capacity  of  the  experimental  setup,  which  we  found  to  be  26±3  pF. 
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Figure  12.  TS  repetition  frequency  f  as  a  function  of  Uao. 
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3.3.4.  TS  in  the  microwave  preheated  air 

In  addition  to  TS  analysis  in  preheated  air  to  300-1000  K  performed  in  Paris,  we  carried  out  a 
few  experiments  with  TS  in  air  preheated  by  our  MW  plasma  torch.  The  input  air  Tg  was  measured 
by  our  corona  probe  method  (chapter  3.2)  and  can  be  varied  by  setting  the  air  flow  rate  and  MW 
power,  starting  from  1300  K.  Tg<1300  K  cannot  be  obtained  for  the  torch  ceases.  Nevertheless, 
input  Tg  above  1300  K  is  a  valuable  extension  to  so  far  explored  300-1000  K  range. 

TS  was  operated  between  stainless  steel  pointed  needle  and  another  stainless  needle  electrode 
positioned  horizontally  in  an  axial  MW  preheated  air  flow  with  velocity  from  5  to  10  m/s.  The 
anode  and  the  cathode  were  placed  8  and  3  mm  above  MW  nozzle,  respectively,  making  the  TS  gap 
length  of  5  mm.  Anode  needle  setup  was  very  similar  to  that  shown  in  Figure  2.  A  DC  High 
Voltage  (HV)  power  supply  connected  via  a  series  resistor  (R  =  1 1  MO)  limiting  the  total  current 
was  used  to  generate  a  positive  TS  discharge. 

Electrical  parameters  and  time-integrated  optical  emission  spectra  of  TS  were  measured  in  these 
primary  experiments,  for  3  pulse  frequencies  (0.5,  1,  and  1.5  kHz).  Such  spectra  provide  evaluation 
of  the  global  (average)  gas  temperature  in  the  TS  channel.  The  measured  temperature  profiles  along 
the  discharge  axis  are  shown  in  Figure  17,  together  with  the  axial  (vertical)  profiles  of  input  air 
temperature  measured  by  the  corona  probe.  TS  ads  100-300  K  on  top  of  the  input  gas  temperature. 

No  remarkable  discharge  regime  transitions  and  discharge  stability  issues  were  observed  in  this 
input  Tg  range,  although  we  only  worked  up  to  J=l.5  kHz  due  to  limited  onset  voltage  from  the 
power  supply.  The  established  TS  regime  was  stable.  Detailed  temporally-resolved  OES  of  TS  in 
preheated  air  is  planned  in  near  future. 


Figure  1 7.  Measured  TS  temperature  axial  profiles  together  with  the  profiles  of  input  air  Tg. 
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4.  Conclusions  and  perspectives 


This  annual  report  summarizes  the  progress  of  the  current  program  to  investigate  the  volume 
scalability  and  power  reduction  of  nonequilibrium  plasmas  produced  by  electrical  discharges  in 
atmospheric  pressure  air,  as  well  as  to  investigate  related  fundamental  phenomena.  Key  results  to 
date  demonstrate  that  both  DC  glow  discharge  and  pulsed  transient  spark  generate  air  plasmas  of 
required  parameters. 

The  experiments  with  DC  glow  discharge  in  ambient  and  preheated  air  provide  basic 
characteristics  of  these  nonequilibrium  atmospheric  pressure  air  plasmas.  We  developed  a  novel 
diagnostics  for  temperature  measurement  in  the  microwave  preheated  air  by  using  the  corona  probe 
and  verified  its  applicability.  A  journal  publication  on  this  novel  method  is  in  the  review  process. 

A  new  concept  of  the  DC-driven  pulsed  discharge  was  tested:  transient  spark,  a  repetitive 
streamer-to-spark  transition  discharge  regime  of  very  short  pulse  duration  ( — 10-100  ns)  and  with  a 
very  limited  energy  so  that  the  generated  plasma  is  highly  nonequilibrium.  This  discharge  can  be 
maintained  at  low  energy  conditions  by  an  appropriate  choice  of  the  resistances  and  capacities  in 
the  electrical  circuit,  and  its  frequency  can  be  controlled  by  the  applied  voltage.  Here,  we 
specifically  investigated  the  influence  of  a  small  separating  resistor  on  the  shape  and  amplitude  of 
the  current  pulses.  Our  calculations  of  temporal  evolution  of  electron  density  in  TS  based  on 
detailed  analysis  of  the  electrical  circuit  show  that  ~10  cm'  at  maximum  and  ~10  cm"  in 
average  are  reached.  By  setting  the  parameters  of  the  electric  circuit  (resistances,  capacity)  it  is 
possible  to  control  the  TS  parameters  and  properties.  Another  journal  publications  with  these  new 
results  is  being  reviewed  and  more  will  be  prepared. 

We  also  presented  the  first  results  obtained  from  PMT  and  ICCD  measurements  of  temporal 
evolution  on  nanosecond  time  scales  of  highly  spectrally-resolved  TS  emission.  The  problem  of 
ICCD  triggering  by  the  discharge  pulse  without  losing  the  first  20  ns  of  the  pulse  was  resolved. 
Investigating  the  processes  occurring  during  TS  pulse  evolution  on  nanosecond  time  scales  is 
crucial  for  deeper  understanding  of  its  chemical  and  physical  activity.  To  this  end,  we  started  to 
build  a  kinetic  model  of  TS  temporal  evolution  during  the  streamer-to-spark  phase  and  the  related 
chemical  activity. 

Transient  spark  was  also  studied  in  preheated  air  flows.  Preheated  air  decreases  the  gas  density 
and  simulates  lowered  pressure,  which  is  generally  favorable  for  plasma  scaling-up  and  high 
altitude  aircraft  shielding.  Applying  TS  in  preheated  air  is  also  interesting  for  the  tests  of  lean  flame 
stabilization.  New  interesting  phenomena  and  transitions  between  streamer-spark-glow  discharge 
regimes  were  revealed  as  function  of  input  gas  temperature. 

In  the  next  period  we  plan  further  investigations  of  the  temporal  evolution  of  species  and 
processes  occurring  in  TS  both  in  ambient  and  preheated  air  flows  via  ICCD  highly  temporally  and 
spectrally  resolved  optical  emission  spectroscopy  combined  with  electrical  measurements  and 
emission  via  PMT  measurements.  A  comprehensive  analysis  of  the  obtained  results,  as  indicated  by 
the  preliminary  tests,  will  expectantly  lead  to  for  deeper  understanding  of  the  elementary  processes 
occurring  in  these  repetitive  pulses.  The  optimum  TS  conditions  with  ne  kept  above  ~10  cm"  at  all 
times  are  sought.  Transitions  between  streamer-spark-glow  regimes  will  be  addressed. 
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We  also  plan  further  experiments  with  glow  discharge,  also  in  ambient  as  well  as  preheated  air. 
We  also  envisage  testing  the  GD  properties  at  reduced  pressures  and  comparing  the  effect  of 
reduced  pressure  with  the  elevated  temperature. 

In  cooperation  with  our  French  partner  we  envisage  experiments  comparing  the  physical 
parameters  and  chemical  effects  of  our  DC-driven  pulsed  TS  and  their  nanosecond  repetitively 
pulsed  discharges,  both  in  ambient  and  preheated  air  flows.  Their  respective  chemical  effects  and 
power  budgets  will  be  compared  on  plasma  assisted  combustion  (lean  flame  stabilization)  and  bio¬ 
decontamination  applications. 

In  summary,  atmospheric  pressure  air  plasmas  generated  by  the  glow  discharge  and  transient 
spark  represent  a  potential  for  aircraft  shielding,  plasma  assisted  combustion,  bio-decontamination 
and  other  applications.  They  are  worth  being  further  studied. 
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Appendix  1 


Transient  spark  -  DC  driven  repetitively  pulsed 
discharge  and  its  control  by  electric  circuit 
parameters 

Mario  Janda,  Viktor  Martisovits  and  Zdenko  Machala 
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Faculty  of  Mathematics,  Physics  and  Informatics,  Comenius  University 
Mlynska  dolma  F2,  84248  Bratislava,  Slovakia 

E-mail:  j  andaQf  mph .  uniba .  sk 

Abstract.  A  novel  type  of  streamer-to-spark  transition  discharge  in  air  at 
atmospheric  pressure  is  presented.  The  transient  spark  (TS)  is  applicable  for 
flue  gas  cleaning  or  bio-decontamination  and  has  a  potential  in  plasma  shielding, 
combustion,  and  flow  control  applications.  Despite  the  DC  applied  voltage,  TS 
has  a  pulsed  character  with  short  (~10-100ns)  high  current  (>1A)  pulses,  with 
repetitive  frequencies  1-20  kHz.  Estimation  of  the  temporal  evolution  of  electron 
density  show  that  ne  «  1016  cm-3  at  maximum  and  ~10u  cm-3  in  average  are  reached 
using  relatively  low  power  delivered  to  the  plasma  (0.2-3W).  Thanks  to  the  high 
repetition  frequency,  ne  between  two  current  pulses  does  not  fall  below  a  critical  value 
and  therefore  plasma  exists  during  the  whole  time.  A  detailed  analysis  of  the  TS  control 
by  electrical  circuit  parameters  is  presented.  With  appropriate  circuit  components,  the 
current  pulse  tail  (>1  mA)  can  be  extended  and  the  electron  density  can  be  held  above 
~1013cm-3  for  several  tens  of  /zs. 


PACS  numbers:  52.80.-s,  52.77.Fv,  52.50.Dg 


Submitted  to:  Plasma  Sources  Sci.  Technol. 

1.  Introduction 

Atmospheric  pressure  non-thermal  plasmas  in  air  generated  by  electrical  discharges 
present  considerable  interest  for  a  wide  range  of  environmental,  bio-medical  and 
industrial  applications,  such  as  air  pollution  control,  waste  water  cleaning,  bio¬ 
decontamination  and  sterilization,  or  material  and  surface  treatment  [1-6].  In  all  of 
these  applications,  the  desired  chemical  effect  is  achieved  by  efficient  production  of 
reactive  radicals  in  non-thermal  plasma.  The  key  factor  for  their  production  are  high 
energy  electrons,  which  can  be  accelerated  by  electric  field  to  reach  energies  of  several  eV, 
while  the  backgroimd  gas  remains  cold. 

The  most  simple  approach  how  to  generate  atmospheric  pressure  plasma  is  to  apply 
a  DC  constant  voltage  on  a  couple  of  metal  electrodes.  If  the  generated  electric  field  is 
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not  homogeneous  thanks  to  the  geometry  of  electrodes,  e.  g.  pin-to  -plane  configuration, 
a  gradual  increase  of  the  onset  voltage  will  lead  to  the  generation  of  corona  or  streamer 
corona  discharge  [7].  Streamers  are  filamentary  structures  propagating  towards  the 
grounded  electrode.  Very  strong  reduced  electric  field  strengths  E/N  (~600Td)  and 
high  electron  densities  ne  (~1014cm-3)  can  be  reached  in  their  head  [8].  Streamers  can 
therefore  significantly  influence  the  plasma- induced  chemistry.  However,  streamers  can 
also  lead  to  the  transition  to  spark  or  arc  discharge  [7,9],  generating  thermal  plasma. 
Much  more  power  is  required  to  sustain  these  discharges  and  the  high  energy  cost  allow 
their  utilization  only  for  applications,  where  one  can  either  expect  valuable  products 
(e.  g.  H2)  or  needs  to  completely  destroy  very  dangerous  pollutants  [10-12], 

One  of  the  most  common  ways  of  increasing  the  breakdown  E/N  and  disabling 
streamer  to  spark  transition  is  based  on  using  short  high  voltage  (HV)  pulses.  It 
was  found  that  efficiency  of  active  species  formation  depends  on  the  maximum  applied 
voltage  (10-20 kV/cm),  voltage  rise  time  (up  to  10ns),  decay  time  (<1-10 /is)  and  total 
duration  of  the  HV  pulse  (<0.1/^s)  [13-16].  The  increasing  repetition  frequency  of 
the  HV  pulses  up  to  200  Hz  also  showed  an  improved  efficiency  of  removal  of  various 
pollutants  [16]. 

HV  pulsed  devices  working  at  repetition  frequencies  above  1kHz  appeared  only 
recently  [17-20].  The  importance  of  the  high  repetition  frequency  on  power  efficiency 
of  the  plasma  generation  was  emphasized  [18-20].  The  ’glow’  regime  of  nanosecond 
repetitive  pulse  (NRP)  discharge  operating  at  frequency  30  kHz  in  air  preheated  to 
1000  K  was  shown  to  generate  plasma  with  estimated  peak  electron  density  ~  1013  cm-3, 
while  consuming  only  1-10  /i  J  per  pulse  [20] .  A  ’spark’  regime  of  NRP,  which  was  already 
successfully  used  for  stabilization  of  lean  flames  [21],  was  shown  to  generate  plasma  with 
peak  electron  density  «il015cm-3,  while  consuming  only  0.2-1  mJ  per  pulse  [20].  The 
only  disadvantage  of  this  method  could  be  the  price  of  the  HV  pulse  generator. 

A  restriction  of  thermal  plasma  generation  when  using  a  cheap  DC  power  supply, 
can  be  simply  achieved  by  adding  a  ballast  resistor  (R  >1 MD)  between  the  high  voltage 
(HV)  electrode  and  the  DC  power  supply.  Since  R  will  limit  the  average  discharge 
current  to  several  mA,  streamer  corona  will  be  transformed  to  either  high  pressure  glow 
discharge  (GD)  or  transient  spark  (TS),  depending  on  the  gas  composition,  flow  rate, 
value  of  R  and  geometry  of  electrodes  [22-24],  Glow  discharge  has  already  been  applied 
e.  g.  for  flue  gas  cleaning  [22,25]  and  it  has  a  great  potential  for  other  applications,  such 
as  plasma  shielding,  since  it  is  a  source  of  stable  scalable  plasma  where  ne  ~  1012  cm-3 
can  be  achieved.  TS  discharge  regime  was  first  mentioned  in  [22]  and  further  described 
in  [24].  It  has  also  been  successfully  applied  for  several  environmental  and  bio-medical 
applications  [5,22,26]. 

Transient  spark  is  a  relatively  new  type  of  discharge,  yet  its  concept  is  similar  to 
the  prevented  spark  studied  in  the  group  of  Marode  [27-29].  Periods  with  TS  were  also 
observed  by  Akishev  et  ah  [30],  while  studying  instabilities  of  GD  due  to  a  fast  gas 
flow.  TS  is  a  filamentary  streamer-to-spark  transition  discharge  initiated  by  a  streamer, 
which  transforms  to  a  short  spark  pulse  due  to  the  discharging  of  the  internal  capacity 
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C  of  the  reactor.  TS  is  based  on  charging  and  discharging  of  C.  For  typical  R  and  C 
(~10pF),  a  repetition  frequency  of  this  process  1-20  kHz  can  be  achieved.  TS  represents 
a  simple  solution  to  generate  short  (~10-100ns)  high  current  pulses  (~1-10A)  with 
high  repetition  frequency  (~kHz).  Our  previous  time- integrated  emission  spectroscopy 
study  proved  that  TS  pulses  generate  highly  reactive  nonequilibrium  plasma  with  excited 
atomic  radicals  (O*,  N*),  excited  molecules  N2*  and  ions  N^"*,  and  gas  temperature  Tg 
ranging  from  500  to  1500  K,  while  vibrational  temperature  Tv  was  from  about  3800  K  to 
5000  K  [5].  In  the  short  pulses  of  TS,  the  vibrational-translational  energy  transfer  (VT 
transfer)  does  not  have  sufficient  time  to  develop  during  the  discharge  pulse.  It  can  only 
affect  the  relaxation  phase  between  the  pulses.  But  there,  its  effect  on  gas  heating  is 
weak  because  its  time  scales  are  on  the  contrary  much  shorter  that  the  typical  duration 
of  the  relaxation  period.  Therefore  Tg  remains  fairly  low  in  TS,  despite  the  electrons 
have  high  energies.  This  is  a  key  phenomenon  that  makes  TS  discharge  very  interesting 
for  its  low  power  budget:  the  discharged  energy  in  one  TS  pulse  is  small  (~0.1-lmJ) 
and  the  total  power,  depending  on  pulse  frequency,  is  0.1-2W.  [5,22], 

Various  applications  have  different  demands  on  TS  with  respect  to  the  optimal 
frequency,  energy  per  pulse,  etc.  So  the  optimization  of  TS  for  various  applications 
and  better  ability  to  control  it  by  changing  electric  circuit  parameters  requires  further 
research. 

2.  Experimental  setup 

Figure  1  shows  a  simplified  scheme  of  the  experimental  set-up.  Experiments  were  carried 
out  at  room  temperature  in  atmospheric  pressure  air  with  a  gas  flow  perpendicular  to 
discharge  channel  with  a  velocity  ~20  cm.s-1.  A  stainless  steel  needle  was  used  as  a  high 
voltage  (HV)  electrode  opposite  to  a  grounded  planar  copper  electrode.  The  distance 
between  electrodes  rf=5mm.  A  DC  High  Voltage  (HV)  power  supply  connected  via  a 
series  resistor  R  limiting  the  total  current  was  used  to  generate  a  positive  TS  discharge. 
The  value  of  R  varied  from  3.5  to  9.84  MX2.  Additional  small  resistor  r,  the  effect  of 
which  we  further  studied,  was  attached  directly  to  the  HV  electrode,  separating  it  thus 
from  a  HV  cable  connecting  it  with  the  resistor  R  (Fig.  1).  The  value  of  r  varied  from 
0  (no  r)  to  110  kH. 

The  discharge  voltage  was  measured  by  two  100  MD  high  voltage  probes  (Tektronix 
P6015A)  at  both  ends  of  the  resistor  r.  The  reason  why  we  stressed  here  the  presence 
and  the  position  of  is  its  influence  on  TS  properties.  The  length  of  the  HV  cable  between 
the  resistor  R  and  the  HV  electrode  can  significantly  contribute  to  the  total  capacity 
C  discharging  during  each  TS  pulse.  We  tested  different  cables  with  lengths  from  0.3 
to  2  m,  having  capacities  from  approximately  5  to  34  pF.  The  currents  at  the  grounded 
electrode  and  between  R  and  r  were  measured  by  a  Pearson  Electronics  2877  (1V/A) 
and  a  Pearson  Electronics  4100  (1V/A)  current  probes.  All  current  and  HV  probes  were 
linked  to  the  200  MHz  digitising  oscilloscope  Tektronix  TDS2024. 
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3.1.  Introduction  to  Transient  Spark 


When  the  high  voltage  U00  applied  to  the  stressed  electrode  is  progressively  increased, 
we  first  observe  a  streamer  corona.  When  the  breakdown  voltage  is  reached,  a  transition 
to  transient  spark  occurs  at  the  discharge  voltage  Uts ■  TS  is  a  filamentary  streamer-to- 
spark  transition  discharge  initiated  by  a  streamer  (phase  A,  Fig.  3a),  which  transforms 
to  a  short  spark  pulse  (phase  B,  Fig.  3a).  Figure  2  shows  typical  look  of  TS. 

The  TS  current  pulse  is  due  to  the  discharging  of  the  capacity  C,  composed  of 
several  components  (internal  capacity  of  the  discharge  chamber  C'*nt,  capacity  of  the 
high  voltage  cable  Ccabie  between  the  ballast  resistor  R  and  the  electrode,  and  capacity 
of  the  HV  probe  Chv  =  3pF).  When  C  is  discharged,  the  current  approximately  given 
by 


hit) 


-C 


dUi(t) 

dt. 


(1) 


reaches  a  high  value  (~1A)  and  the  voltage  drops  to  almost  zero  (phase  C,  Fig.  3a). 
Then,  during  the  quenched  phase  (phase  D,  Fig.  3b),  C  is  recharged  by  a  growing 
potential  hi  on  the  stressed  electrode.  The  growth  of  the  potential  U\  in  time  t  can  be 
in  the  first  approximation  described  by  the  following  equation: 


£M0 


u„ 


1  —  exp 


(2) 


Usually,  during  this  relaxation  phase  when  the  gap  potential  reaches  a  specific  threshold, 
corona  discharge  appears,  and  some  pre-breakdown  streamers  (phase  E,  Fig.  3a, b). 
A  new  TS  pulse  occurs  in  time  t  —  T,  at  breakdown  voltage  Uts  given  according  to  (2) 
by: 


Uts 


Un, 


1  —  exp 


(3) 


From  (3)  we  get  the  characteristic  repetition  frequency  /  of  this  process: 


T  TDfl  1  Uoo 

KU  111  [(Uoo-UTS)_ 

ffowever,  the  repetition  frequency  /  of  the  first  TS  pulses,  when  Uoo  only  slightly  exceeds 
Uts  is  low  and  very  irregular  (Fig.  4a).  Further  increase  of  Uoo  leads  to  an  increase  of 
/  and  TS  pulses  become  more  regular  (Fig.  4b).  For  typical  R  and  C ,  the  repetition 
frequency  /  is  in  the  order  of  several  kHz  and  grows  with  increasing  Uoo  (Fig.  5). 
However,  even  with  known  values  of  C  and  R ,  formula  (4)  is  not  reliable  to  predict  the 
growth  of  /  with  Uoo,  because  Uts  also  depends  on  /  (Fig.  6).  The  decrease  of  Uts  with 
/  can  be  explained  by  the  increasing  gas  temperature  Tgi  resulting  in  a  decreasing  gas 
density  N.  Since  some  threshold,  the  reduced  electric  field  E/N  is  sufficient  to  initiate 
the  TS  pulse,  E  and  thus  also  Uts  may  be  now  lowered  [31].  Another  reason  may  be 
memory  effects  -  the  gap  remains  pre-ionized  by  previous  TS  pulses  as  /  increases. 


1 

Uoo 

{U00— Uts) 


Transient  spark  control  by  electric  circuit  parameters  5 

3.2.  Transient  spark  control  by  electric  circuit  parameters 

The  RC  term  determines  which  frequencies  can  be  achieved  and  how  fast  /  grows  with 
Uqo  (Fig.  5),  but  R  and  C  also  influence  other  TS  properties.  The  major  role  of  R 
is  to  avoid  the  transition  to  arc  or  the  glow  discharge  (GD),  because  the  increase  of 
/  is  accompanied  by  the  increase  of  mean  current  /mea„  (Fig.  7).  As  Imean  exceeds 
approximately  1.5  mA,  TS  tends  to  transform  into  a  pulse-less  GD  regime  with  a 
constant  current  of  few  mA  (phase  F,  Fig.  3b).  However,  due  to  the  high  value  of 
R  and  the  electro-negativity  of  air,  this  regime  is  not  stable  and  the  discharge  randomly 
switches  between  the  glow  regime  and  the  high  frequency  TS  regime  (Fig.  4c).  Typically, 
R  should  be  above  5  MO  to  avoid  transition  to  a  stable  glow  discharge.  On  the  other 
hand,  if  R  >  10  MO,  the  energy  losses  on  the  external  resistor  become  too  high  for 
operating  at  high  /.  So  the  TS  properties  cannot  be  controlled  by  changing  the  value 
of  R  only. 

The  influence  of  C  on  TS  is  even  more  significant.  Since  TS  is  based  on  charging 
and  discharging  of  C,  a  total  charge  Qp,  and  the  energy  delivered  to  the  discharge  gap 
per  pulse  Ep  are  functions  of  C.  We  can  therefore  affect  the  shape  of  TS  current  pulses 
by  changing  C.  Larger  C  typically  means  larger  current  pulses.  However,  we  must  also 
take  into  account  the  dependence  of  the  current  pulse  maximum  Imax  and  current  pulse 
width  (FWHM)  on  /.  With  increasing  /,  pulses  get  smaller  and  broader  (Fig.  6).  The 
increase  of  Imax  with  increasing  C  is  therefore  observed  only  at  constant  /. 

However,  the  question  is  how  to  control  Cl  It  consists  of  several  components,  from 
which  one  can  easily  change  only  the  value  of  Ccabie  by  changing  the  cable  length.  Longer 
cable  means  larger  Ccaue-  However,  it  is  not  very  practical  to  change  C  by  using  different 
HV  cables  with  various  lengths.  So  we  use  long  cables  (Ccabie  >  20  pF)  and  to  place  a 
small  separating  resistor  r  between  the  HV  electrode  and  HV  cable.  This  r  separates 
CCabie  from  Cint  +  C hv ■  Like  this,  we  were  able  to  control  the  shape  of  the  current  pulse 
by  changing  r,  without  changing  Ccabie. 

3.3.  The  influence  of  separating  resistance  r  on  TS 

We  expected  that  the  increasing  value  of  r  would  lead  to  gradual  decrease  of  Imax-  This 
tendency  was  experimentally  confirmed  (Fig.  8),  but  the  dependence  of  the  pulse  shape 
and  width  on  r  was  not  the  expected  monotonous  increase.  We  found  that  FWHM  is 
not  a  proper  parameter  to  describe  TS  pulses,  since  they  are  obviously  formed  by  a 
convolution  of  two  independend  current  pulses  (Fig.  9).  The  first  one  (Ici)  is  due  to 
discharging  of  the  capacity  C[  =  Cint  +  Chv  in  the  gap.  The  second  one  (Jo)  is  due  to 
discharging  of  the  HV  cable  through  the  resistor  r. 

These  two  currents,  Ici  and  J0,  can  explain  the  dependences  of  Imax  and  pulse  shape 
on  r.  While  Ici  does  not  change  significantly  with  r  (Fig.  8,  1st  peak),  J0  gets  smaller 
(Fig.  8,  2nd  peak)  and  broader.  As  a  result,  Imax  also  decreases  with  r,  but  when  the 
maximum  of  Iq  becames  small  compared  to  the  maximum  of  Ici,  I  max  remains  almost 
constant  for  a  further  increase  of  r  (Fig.  8,  r  >10 kfi).  Here  we  obtained  J0  from  fl 
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after  subtraction  of  Ici-  C1  necessary  to  calculate  Ici  was  obtained  by  fitting  measured 
current  waveforms  by  (5)  for  large  r. 

We  expected  that  Jo  can  be  also  derived  from  the  measured  potential  drop  on  r: 

Ux 


h(t) 


.dUtf)  UQ 

I0  —  — V  i  - — - h 


(5) 


d  t  r 

We  experimentally  tested  the  validity  of  (5)  by  measuring  current  Jo  flowing  through 
r  (Fig.  10).  ffowever,  the  agreement  between  the  measured  current  and  the  current 
calculated  from  U$  and  U\  was  good  enough  only  for  r>1.5kfi.  For  smaller  r, 
experimental  results  were  in  agreement  only  with  Jo  derived  from  Ii  after  subtraction 
of  Ici ■  In  order  to  find  a  better  formula  for  I\(t ),  which  would  enable  us  to  calculate 
it  from  the  measured  voltage  waveforms  for  all  values  of  r,  we  performed  a  detailed 
analysis  of  the  electric  circuit,  representing  our  experimental  setup. 


3.f.  Analysis  of  the  electric  circuit  representing  TS 


Figure  11  shows  a  simplified  electric  circuit  representing  TS.  Here,  the  separating  resistor 
is  characterized  not  only  by  its  resistance  r,  but  also  by  its  inductance  L0.  We  found 
it  to  be  crucial  to  explain  the  observed  oscillations  of  the  measured  current  and  voltage 
waveforms.  We  even  have  to  include  the  inductance  L\  of  the  cable  from  the  planar  low 
voltage  electrode  to  ground.  For  this  reason  we  also  had  to  divide  Cmt  into  two  parts. 
The  first  one,  Cei,  represents  the  capacity  of  electrodes.  The  second  one  is  included  in 
Ci- 

The  utilization  of  the  HV  probes  also  introduces  a  resistance  Rhv  =  100  MH  through 
which  a  parasitic  loss  currents  pass.  The  capacity  of  these  probes  is  included  in  Co 
and  Ci,  respectively.  The  discharge  plasma  is  represented  by  its  resistance  Rp.  The 
plasma  resistance  is  unknown  and  changes  in  time.  This  is  the  parameter  responsible 
for  a  pulsed  character  of  TS.  If  we  know  Rp ,  we  would  be  able  to  describe  all  parameters 
of  this  circuit  (Ui,  R,  ...)  from  the  voltage  and  the  current  provided  by  the  HV  power 
supply.  On  the  contrary,  from  the  measured  values  of  Uo,  U\  and  Ji  we  can  derive  the 
time  variations  of  Rp.  From  Rp ,  we  can  estimate  the  plasma  conductivity  and  thus  the 
electron  density. 

First  of  all,  let  us  find  the  dependence  of  Ji  on  U0  and  Ui  starting  from  the  basic 
equations  describing  the  electric  circuit 


h  =  Io 


Ui 


C 


Rhv 

U\  =  Uq  —  t/q  —  Lq 


dUi 
d  t 

dR 

dt 


(6) 

(7) 


If  r  is  sufficiently  high  compared  to  L0l  the  third  term  in  (7)  can  be  neglected  and  from 
combination  of  (6)  and  (7)  we  get 


/!  (t)  =  -C1^  +  ^ 


Ui 


R 


HV 


dt 


r 


(8) 
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This  is  actually  an  equivalent  of  the  equation  (5),  corrected  by  the  current  lost  through 
Rhv-  If  U  can  be  neglected,  C\  becomes  equal  to  because  Cei  can  be  now  added 
to  C\.  If  the  inductance  term  in  (7)  cannot  be  neglected,  we  must  use  another  equation 
obtained  from  the  analysis  of  the  circuit: 


/n  =  /, 


Un 


00 


Rhv 


g 


dt/o 

df 


where 


loo  — 


Uqo  ~  Up 
R 


From  the  combination  of  (6)  and  (9)  we  get 


h  = 


U00  -U0  U0  +  U-i 


Cr 


df/n 


dUi 


(9) 


(10) 


(11) 


R  Rhv  d£  d  t 

The  1st  term  is  feeding  current  from  the  power  supply,  the  second  one  is  a  current 
lost  through  Rhv-  During  the  TS  high  current  pulse  (phase  B),  these  two  terms  are 
negligible,  but  they  are  important  to  estimate  the  current  during  phases  C  and  E.  The 
last  two  terms  of  (11)  dominate  during  the  phase  B  and  they  correspond  to  two  current 
terms  in  (5),  but  they  are  now  both  expressed  as  capacitive  currents.  Capacity  Co  is  the 
sum  of  C caue  and  Chv  of  the  2nd  HV  probe.  Validity  of  this  formula  was  again  checked 
by  fitting  the  measured  waveforms  of  R  and  Io-  For  the  longest  2  m  HV  cable  we  thus 
obtained  values  of  Co  =  37±3pF  and  Ci  =  7±lpF,  which  could  be  used  to  obtain  I\ 
from  Uq  and  U\  for  every  value  of  r. 

However,  the  problem  of  (11)  is  that  it  deos  not  directly  describe  the  dependence 
of  TS  parameters  on  r,  which  is  not  even  included  there.  Moreover,  we  also  wanted  to 
find  relations  between  Vo,  U\,  and  R,  which  would  enable  us  to  reduce  the  number  of 
parameters  we  have  to  measure  during  the  experiments.  In  order  to  reduce  the  number 
of  required  HV  probes,  we  need  to  describe  U\  as  a  function  of  Uq.  We  can  obtain  it 
after  we  add  derivative  of  (9)  into  (7): 


r  (](J  d 2  V 

U\  —  (1  +  rp)U0  —  — V0o  +  ( rCo  +  pL0)—^~  +  L0C0  , 


where 


P  = 


R  +  R 


HV 


(12) 


(13) 


RhvR 

Here  we  could  neglect  the  term  with  the  derivative  of  Uqq.  Finally,  from  the  combination 
of  (11)  and  (12)  we  get  the  dependence  of  R  on  Vo,  which  also  directly  includes  the 
influences  of  r,  C0,  C\  and  V0: 


r  TT  TT  dV0  d2V0  d3V0 

R  —  Coo  Voo  +  Co  Vo  +  Cl  — - - b  C2  — —■ 5 - b  C3 


d  t 


d  t2 


df3 


where 


coo  — 


Co  = 


r  +  Rhv 

RhvR 
rR  +  rRHv 


2  R 


HV 


R  +  R 2 


HV 


RR2„V 


(14) 


(15) 


(16) 
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ci  =  -Co  -  (1  +  rp)C\  -  (17) 

JO'HV  J^HV 

c2  =  —rC\C0  -  pC.Lo  -  ^  (18) 

tinv 

and 

C3  =  —  LqCiCq.  (19) 

The  validity  of  (12)  and  (14)  was  also  tested  and  confirmed  by  fittig  measured  waveforms. 
However,  due  to  a  large  error  coming  from  the  tripple  numerical  derivative  of  the 
measured  U0,  it  is  more  accurate  to  use  equations  (11)  or  (5),  depending  on  r,  to 
calculate  R  during  the  current  phase  of  TS.  Equation  (14)  is  rather  useful  to  estimate 
the  background  and  parasite  currents  (first  two  terms). 


3.5.  Estimation  of  the  plasma  resistance  and  electron  density 


We  can  use  the  dependence  of  the  electron  number  density  on  the  plasma  conductivity 
ap  to  calculate  ne: 

0‘pTYlelSc 

ne  = - 5 — 

e 2 

Here  e  and  me  are  the  electron  charge  and  mass,  respectively,  and  uc  is  the  electron- 
heavy  particles  collision  frequency.  The  plasma  conductivity  ap  is  related  to  the  plasma 
resistance  Rp  by 

d 

^  ip’ 

where  d  and  A  are  the  gap  length  and  the  cross-sectional  area  of  the  plasma  channel, 
respectively.  A  formula  describing  the  dependence  of  Rp  on  the  discharge  voltage  and 
current  can  be  obtained  by  an  analysis  of  the  electric  circuit  representing  TS.  We  get 


RP  = 


Ux  -  L\ 


dh 
d  t 


h 


d  t 


d2/j 

WeZ  dt2 


(22) 


From  this  equation,  Rp  can  be  calculated  if  we  know  values  of  L 1  and  Cei.  We  minimized 
the  influence  of  Li  using  the  shortest  possible  grounding  wires  (~10cm),  with  estimated 
inductance  ~100nH.  For  this  reason,  the  influence  of  L\  is  not  negligible  only  for  very 
sharp  high  current  pulses  (Imax  >5A  and  pulse  width  ~10ns)  with  large  derivative  of 
/] .  These  high  pulses  appear  only  at  frequencies  below  2  kHz,  if  the  total  capacity  of 
the  system  (7>20pF  and  if  the  separating  resistor  r  is  very  small  (r<0.5kh2).  For  all 
estimates  of  Rp  presented  here  can  be  therefore  the  influence  of  Li  neglected.  This  mean 
that  the  term  Cei^f  can  be  also  neglected,  because  without  Cei  can  be  added  to  C\ 
and  l\  is  equal  to  Ip. 

Under  these  simplifications,  we  can  estimate  Rp  directly  from  the  measured  U\  and 
ii,  but  we  also  used  (14)  to  better  estimate  I\  before  and  after  the  high  current  pulse. 
Moreover,  U\  is  not  measured  accurately  enough  by  the  HV  probe  at  the  beginning  of 
the  phase  B  of  TS,  when  it  falls  to  very  low  values.  For  this  reason,  we  estimated  Rp 
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also  from  I0  and  Uq,  because  Uq  does  not  drop  to  very  low  values  for  r  >  1.5  kQ.  When 
Ci  is  already  discharged,  the  following  equation  can  be  used: 

U0 


Rp  = 


'oo 


Up 

Rhv 


r  df/0 

~dT 


—  r. 


(23) 


Besides  the  uncertainty  of  Rp,  the  plasma  diameter  Dp,  necessary  to  calculate  A, 
and  uc  are  another  major  sources  of  uncertainty  in  the  estimation  of  ne.  We  calculated 
vc  in  air  for  Tg  from  300  to  1500  K  and  for  E/N  from  10  to  200  Td  using  our  package 
for  Monte  Carlo  simulation  of  electron  dynamics  [32],  We  found  that  vc  can  vary  from 
approximately  4xlOn  to  4xl012  s-1.  We  use  the  constant  value  1012  s-1  to  estimate  ne 
in  TS.  This  approximation  introduces  the  uncertainty  of  less  than  a  factor  4. 

Dp  changes  in  time  and  it  can  be  well  defined  only  for  certain  phases  of  TS  discharge 
(phases  A-C).  Based  on  our  preliminary  experiments  with  TS  imaging  by  iCCD  camera, 
we  estimated  the  plasma  channel  diameter  to  ~200  //in  during  the  spark  pulse.  This 
is  in  a  good  agreement  with  a  value  reported  by  Naidis  [33]  from  numerical  simulation 
of  the  streamer-to-spark  transition  dynamics.  Later  phase  of  TS  with  current  around 
1  mA  is  similar  to  a  glow  discharge.  The  diameter  of  a  stable  GD  channel  is  around 
500  pm  [5],  and  we  suppose  that  this  value  can  be  used  in  the  first  approximation  as 
the  upper  limit  of  TS  plasma  channel  diameter.  Since  we  do  not  know  an  exact  time 
evolution  of  Dp  we  took  a  constant  value  Dp  =  200  pm.  This  approximation  introduces 
the  uncertainty  less  than  a  factor  3  for  the  phases  A-C.  It  is  questionable  whether  we 
can  approximate  the  plasma  by  a  column  in  later  phases  D  and  E.  Even  if  yes,  its 
expansion  should  be  included.  Values  of  ne  estimated  for  these  phases  are  therefore 
only  informative.  Altogether,  we  can  estimate  ne  not  better  than  with  the  uncertainty 
of  factor  10.  Better  approximation  will  require  the  time  resolved  measurements  of  gas 
temperature  and  plasma  diameter  in  TS. 

Figure  12  shows  a  typical  time  evolution  of  Rp  and  ne  for  TS  with  no  separating 
resistor  r  and  a  repetition  frequency  ~2kHz  in  two  different  time  scales.  Fig.  12a 
zooms  on  the  high  current  phase  of  TS,  whereas  Fig.  12b  shows  the  estimate  of  Rp 
and  ne  during  several  TS  cycles.  As  we  can  see,  the  initial  ne,  even  before  bridging  of 
the  gap  by  a  streamer,  is  relatively  high.  Values  from  around  1010  to  1013  cm-3  were 
observed,  though  this  value  is  only  informative,  as  was  mentioned  above.  This  high 
concentration  can  be  explained  by  preliminary  streamers  and  corona  discharge  phase 
of  TS,  but  also  by  a  memory  effect  -  these  electrons  can  remain  from  previous  pulse 
thanks  to  the  high  /.  During  the  short  spark  pulse,  Rp  drops  down  to  few  hundred 
ohms  and  ne  can  reach  ~1016cm"3.  As  soon  as  C  is  discharged,  ne  drops  quickly  to 
about  1014cm-3.  After  the  TS  pulse,  ne  gradually  decreases  to  about  1010-10n  cm"3 
(Fig.  12b).  In  reality  it  should  be  lower,  because  we  did  not  include  the  expansion 
of  plasma  channel  in  this  estimation.  However,  even  if  the  volume  of  plasma  expands 
by  two  orders  of  magnitude  (average  diameter  2 mm),  the  lowest  ne  would  be  in  the 
order  of  108-109cm-3.  In  this  case,  the  Debye  length  would  be  not  larger  than  0.2  mm 
(calculated  for  Te=1000K  and  ne  =  10s  cnr3)  which  is  by  one  order  of  magnitude 
smaller  than  the  assumed  plasma  dimension.  We  can  therefore  suppose  that  plasma 
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exists  during  the  whole  period  of  TS,  even  during  the  relaxation  phase,  although  its 
resistance  becomes  quite  high  (Rp  ~  108  Mil). 

Fig.  12b  also  shows  a  short  period  of  the  unstable  GD  regime  and  for  this  period 
we  obtained  ne  ~  1012  cm-3.  This  is  in  a  very  good  agreement  with  previous  studies  of 
GD  [5],  where  ne  was  estimated  from  the  current  density.  This  fact  confirms  that  our 
calculated  values  of  ne  are  reasonable. 

3.6.  Influence  of  r  on  Rp  and  ne 

Increasing  value  of  r  leads  to  a  decrease  of  Imax  and  therefore  also  to  lower  maximum 
ne  (Fig.  13).  On  the  other  hand,  increasing  r  causes  that  it  takes  longer  for  Co  to  be 
discharged  -  up  to  ~20  fas  for  r  =  111  kfl  (Fig.  13).  This  prolongation  of  the  current  tail 
means  that  ne  stays  relatively  high  longer.  Typical  ne  at  the  end  of  discharging  of  Co 
was  ~1013cm-3.  We  also  estimated  that  it  takes  up  to  ~100  fas  (r  =  lllkk2)  for  ne  to 
drop  below  ~1012cm”3.  Thus,  higher  r  enables  to  merge  the  characteristics  of  TS  and 
GD  together,  i.  e.  relatively  high  current  pulse  (~2  A)  with  high  efficiency  of  production 
of  radicals  are  followed  by  long  period  with  current  above  1  mA,  during  which  plasma 
reaches  characteristics  typical  for  GD. 

On  the  other  hand,  the  voltage  Uq  does  not  drop  to  low  values  for  larger  r,  e.  g.  for 
r  =  27  k 0,  U™'m  «  1.5  kV,  and  so  Cq  cannot  be  discharged  completely.  It  is  therefore  not 
suitable  to  use  larger  values  of  r.  The  separating  resistor  r  must  remain  much  smaller 
than  the  ballast  resistor  R,  otherwise  the  discharging  of  Cq  has  negligible  effect  on  the 
discharge  current  and  r  +  R  can  be  treated  as  one  resistor. 

4.  Conclusions 

A  new  concept  of  a  DC-driven  pulsed  discharge  was  investigated:  transient  spark,  a 
repetitive  streamer-to-spark  transition  discharge  of  very  short  pulse  duration  (~10- 
100  ns)  and  with  a  very  limited  energy  so  that  the  generated  plasma  is  highly  non¬ 
equilibrium.  This  discharge  can  be  maintained  at  low  energy  conditions  (up  to 
lmJ/pulse)  by  an  appropriate  choice  of  the  resistances  and  capacities  in  the  electrical 
circuit,  and  its  frequency  can  be  controlled  by  the  applied  voltage.  The  activity  of 
transient  spark  is  comparable  with  the  nanosecond  repetitive  pulsed  discharges  but  its 
advantage  is  an  ease  of  the  DC  operation  and  no  need  of  special  and  expensive  high 
voltage  pulsers  with  high  repetitive  frequency  and  nanosecond  rise-times. 

Our  calculations  of  temporal  evolution  of  electron  density  in  TS  based  on  the 
detailed  analysis  of  the  electrical  circuit  showed  that  ne  ~  1016  cm-3  at  maximum  and 
~10n  cm”3  in  average  are  reached.  Better  estimation  of  these  values  will  require  further 
time-resolved  emission  spectroscopic  study  and  imaging  with  fast  iCCD  camera  coupled 
to  a  monochromator  in  order  to  estimate  the  evolution  of  plasma  dimensions  and  the 
gas  temperature  inside  the  plasma.  These  investigations  are  on  the  way  and  will  be  a 
subject  of  the  following  paper. 
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The  influence  of  a  resistor  r  separating  the  HV  cable  from  the  HV  electrode  on  the 
TS  properties  was  presented  here.  The  increasing  r  causes  that  it  takes  much  longer 
to  discharge  the  charge  stored  in  the  HV  cable  and  the  tail  of  the  current  pulse  can 
be  thus  longer  than  several  tens  of  ps.  This  additional  resistor  r  enables  to  merge  the 
characteristics  of  TS  and  the  glow  discharge  together,  i.  e.  relatively  high  current  pulses 
(~1  A)  with  a  high  efficiency  of  radical  production  are  followed  by  long  periods  with  the 
current  above  1mA  during  which  plasma  reaches  characteristics  typical  for  GD.  Our 
further  research  in  this  area  will  be  focused  on  scaling  up  the  TS  discharge  to  produce 
larger  volumes  of  non-equilibrium  air  plasma  and  to  reduce  the  power  budget. 
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Figure  1.  Simplified  scheme  of  the  experimental  set-up. 
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Figure  2.  Photograph  of  TS  in  positive  needle-plane  gap  of  6  mm,  /=1.2kHz, 
Imax= 4A,  Uts= 7.5kV,  12=3.5 MO,  exposure  0.25s,  ISO  200,  aperture  f/ 4.8. 
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Figure  3.  Typical  waveforms  of  transient  spark  in  a)  ns  time  scale,  b)  ms  time  scale, 
12=6.5  Mil,  /« 2  kHz,  r=0fl,  C=43±4pF,  d  =  5  mm. 
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Figure  4.  Voltage  waveforms  of  different  discharge  regimes:  a)  the  first  random  TS 
pulses,  b)  regular  TS,  c)  unstable  glow  regime. 
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Figure  5.  The  dependence  of  /  on  the  onset  voltage  [Too  for  several  RC  values,  r=0  f 2, 
d  =  5  mm. 
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Figure  6.  The  dependence  of  peak  current  (/max),  breakdown  voltage  Uts  and 
FWHM  of  current  pulses  on  /,  C  =  32±4pF,  R  =  6.6  Mil,  r  =  0  f2,  d  =  5  mm. 
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Figure  7.  The  dependence  of  mean  discharge  current  7mean  on  /,  R  =  6.6  MU,  r  =  0  fl, 
different  values  of  C. 
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Figure  8.  The  influence  of  separating  r  on  the  amplitude  of  TS  current  pulse,  and  its 
two  components,  i?=9.84Mf7,  /ftd.lkHz,  C=43±4pF. 
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Figure  9.  The  influence  of  separating  r  on  the  shape  of  TS  current  pulses,  f?=9.84  Mil, 
/« 1.1  kHz,  C=43±4pF. 
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Figure  10.  Comparison  of  Iq  measured  by  the  current  probe  with  Iq  calculated  from 
U0  and  C/i,  r=2kfi,  C=43±4pF,  C'1'=7±lpF. 
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Figure  11.  A  simplified  electric  circuit  representation  of  TS. 
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Figure  12.  Calculated  electron  density  and  plasma  resistance  during  a  TS  pulse  in 
a)  ys  time  scale,  b)  ms  time  scale,  r=0.9kil,  2  kHz,  C=32±4pF. 
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Figure  13.  Dependence  of  maximum  electron  density  and  Co  discharging  time  on  r, 
R=9MMfl,  /« 2kHz,  C0=37±3pF,  Ci=7±lpF. 
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TRANSIENT  SPARK  -  DC  DRIVEN  NANOSECOND  PULSED 
DISCHARGE  IN  ATMOSPHERIC  AIR 
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We  introduce  a  DC-driven  pulsed  discharge  named  transient  spark  (TS):  a  repetitive  streamer-to- 
spark  transition  discharge  with  short  spark  duration  (-10-100  ns),  based  on  charging  and 
discharging  of  internal  capacity  C  of  the  reactor  with  repetition  frequency  f  ~  1-10  kHz.  TS 
generates  very  reactive  non-equilibrium  air  plasma  and  is  applicable  for  flue  gas  cleaning,  bio¬ 
decontamination  or  other  applications,  since  it  can  be  maintained  at  relatively  low  energy 
conditions  (0.1-1  mJ/pulse).  Streamer- to-spark  transition  is  governed  by  the  increase  of  the  gas 
temperature  Tg  in  the  plasma  channel.  Initial  Tg  at  the  beginning  of  the  streamer  is  -300  K,  though 
it  increases  with  frequency  up  to  -450  K  at  10  kHz.  The  transition  to  spark  occurs  at  -1000  K. 

This  heating  accelerates  with  increasing  f  leading  to  a  decrease  of  the  average  streamer-to-spark 
transition  time  from  a  few  ps  to  less  than  100  ns. 


1.  Introduction 

Atmospheric  pressure  plasmas  in  air  generated  by  electrical  discharges  present  considerable  interest 
for  a  wide  range  of  environmental,  bio-medical  and  industrial  applications,  such  as  air  pollution 
control,  waste  water  cleaning,  bio-decontamination  and  sterilization,  or  material  and  surface  treatment 
[1-5].  New  types  of  discharges  are  therefore  still  being  developed  and  studied,  with  a  focus  on 
efficiency,  power  requirements,  stability,  reliability  and  simplicity  [6]. 

A  novel  type  of  transition  discharge  in  air  at  atmospheric  pressure  named  transient  spark  (TS)  is 
presented  here.  TS  is  a  filamentary  streamer-to-spark  transition  discharge  initiated  by  a  streamer, 
which  transforms  to  a  short  (-10-100  ns)  high  current  (-1-10  A)  spark  pulse  due  to  the  discharging  of 
the  internal  capacity  C  of  the  reactor.  TS  is  based  on  charging  and  discharging  of  C  and  a  repetition 
frequency  of  this  process  from  1  to  20  kHz  can  be  achieved  [7]. 

We  observed  significant  differences  between  two  modes  of  TS  with  small  and  high  repetition 
frequencies  [8],  studied  by  time-integrated  optical  emission  spectroscopy.  In  order  to  understand  the 
fundamental  phenomena  related  to  the  evolution  of  TS  and  its  changes  due  to  increasing  repetition 
frequency,  we  employed  in  this  study  a  photomultiplier  tube  with  fast  2.2  ns  rise  time  and  appropriate 
narrow  band  optical  filters,  as  well  as  a  2-m  monochromator  coupled  with  ICCD  camera  with  2  ns 
gate,  in  order  to  monitor  time  evolution  of  the  emission  of  excited  species  and  of  the  temperature. 

2.  Experimental  set-up 

Experiments  were  earned  out  at  room  temperature  in  atmospheric  pressure  air  with  a  radial  flow  of 
about  20  cm/s.  The  distance  between  stainless  steel  needle  electrode  and  planar  copper  electrode 
(point-to-plane  configuration)  was  4  mm.  A  DC  High  Voltage  (HV)  power  supply  connected  via  a 
series  resistor  ( R  =  6.56-9.84  MQ)  limiting  the  total  current  was  used  to  generate  a  positive  TS 
discharge.  The  discharge  voltage  was  measured  by  a  high  voltage  probe  Tektronix  P6015A  and  the 
discharge  current  was  measured  on  a  50  Q  or  1  Q  resistor  shunt.  The  1  Q  resistor  shunt  was  used  when 
we  focused  on  TS  current  pulse  itself,  whereas  the  50  Q  resistor  shunt  was  used  to  measure  current 
from  the  streamer.  Both  voltage  and  current  signals  where  recorded  by  a  200  MHz  digitizing 
oscilloscope  Tektronix  TDS2024. 

The  emission  spectra  were  obtained  using  a  2-m  monochromator  Carl  Zeiss  Jena  PGS2  covering  UV 
and  VIS  (200-800  mn)  and  providing  spectral  resolution  of  0.05  nm,  cuopled  with  an  intensified  CCD 
camera  (Andor  Istar).  The  iCCD  camera  was  triggered  by  a  home-made  generator  of  5  V  rectangular 
pulses  with  rise  time  less  than  5  ns.  This  generator  was  triggered  directly  by  the  current  signal,  causing 


an  additional  delay  of  less  than  10  ns.  This  delay,  plus  the  delay  caused  by  the  transmission  of  the 
signal  by  BNC  cables,  was  compensated  by  using  10  m  long  optical  cable  (Ocean  Optics  P400-10- 
UV-VIS  ),  so  that  we  could  see  the  whole  emission  profile. 

For  time-resolved  optical  emission  measurements,  a  photomultiplier  tube  (PMT)  module  with  a  2.2-ns 
rise  time  (Hamamatsu  H955)  was  also  used  in  place  of  the  monochromator.  Its  signal  was  recorded 
using  the  oscilloscope.  The  PMT  was  triggered  by  the  emission  signal  itself.  Whenever  it  was 
necessary  to  isolate  a  specific  spectral  transition  for  PMT  measurements,  a  band  pass  interference 
filter,  e.g.  Melles  Griot  03  FIU127  for  the  N2(C-B  0-0)  transition,  was  inserted  into  the  optical  path. 
The  experimental  set-up  is  depicted  in  Fig.  1 . 


Fig.  1.  Schematic  of  the  experimental  set-up,  HV  -  high  voltage,  R,  r  -  resistors. 

3.  Results  and  Discussion 

When  the  high  voltage  Uoo  applied  to  the  stressed  electrode  is  progressively  increased,  we  first  observe 
a  streamer  corona.  When  the  breakdown  voltage  is  reached,  a  transition  to  TS  occurs  at  the  discharge 
voltage  Uts ■  The  typical  current  and  voltage  waveforms  are  shown  in  Fig.  2a.  During  the  high  current 
phase  the  voltage  drops  to  zero  due  to  the  resistive  fall  on  the  ballast  resistance  R.  Then,  during  the 
quenched  phase,  the  system  capacity  C  (composed  of  the  internal  capacity  of  the  electrodes,  the 
capacity  of  the  HV  cable  and  of  the  HV  probe)  is  recharged  by  a  growing  potential  on  the  stressed 
electrode.  For  typical  R  and  C,  the  repetition  frequency  / of  this  process  is  in  the  order  of  several  kHz 
and  grows  with  increasing  Uoo  (Fig.  2b).  This  is  accompanied  by  changes  of  TS  properties.  With 
increasing/  current  pulses  get  smaller  and  broader  (Fig.  3a). 
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Fig.  2a.  Typical  TS  current  and  voltage  waveform,/ ~  1  kHz,  R  =  6.6  MQ  ,  C  ~  26  pF. 
Fig.  2b.  The  dependence  of  TS  repetition  frequency  on  the  onset  voltage  Uoo. 
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Fig.  3.  Dependence  of  TS  properties  on/:  a)  peak  current  Imax,  full  width  at  half  maximum  FWHM  of 
current  pulses  and  breakdown  voltage  Uts,  b)  streamer-to-spark  transition  time,  R  =  6.6  MQ,  C~  26  pF. 


Fig.  4.  Typical  PMT  emission  profiles  of  TS  at  2.5kHz  (a)  and  6  kHz  (b),  f?  =  6.6MQ,  C~  26  pF. 


It  is  interesting,  that  Uts  also  depends  on  /  (Fig.  3a).  The  decrease  of  Uts  with  /  was  preliminary 
explained  by  the  increasing  gas  temperature  Tg,  resulting  in  a  decreasing  gas  density  N.  Since  a  certain 
threshold,  the  reduced  electric  field  E/N  is  sufficient  to  initiate  the  TS  pulse,  E  and  thus  also  Uts  may 
be  lowered  [5].  Another  reason  may  be  memory  effects  -  the  gap  remains  pre-ionized  by  previous  TS 
pulses  as /increases  [7].  Changes  of  streamer  to  spark  transition  time  were  also  observed  (Fig.  3b).  At 
lower  frequencies  (<  2  kHz),  the  delay  between  streamer  and  spark  formation  is  very  random  and  it 
can  vary  from  several  ps  to  a  few  hundred  ns.  As  /  increases,  the  average  delay  time  shortens  and  it 
becomes  more  regular. 

Significant  differences  between  lower  and  higher  frequency  regimes  of  TS  were  also  observed  in  time- 
integrated  emission  spectra  in  VIS  region.  At  low  frequencies  (<3  kHz),  the  emission  of  O,  N  and  N+ 
atomic  lines  dominated  in  the  spectra,  whereas  at  higher  frequencies  these  atomic  lines  almost 
disappeared  and  N2  1st  positive  system  was  much  stronger.  In  UV  region,  N2  2nd  positive  system 
dominated  at  all  frequencies,  but  its  relative  intensity  compared  to  atomic  lines  in  VIS  region  also 
increased  significantly  with /  In  order  to  understand  this  problem,  we  measured  the  time  evolution  of 
the  emission  from  the  strongest  atomic  line,  0(5P)  at  777  nm,  and  from  0-0  band  of  N2  2nd  positive 
system  at  337  nm  by  PMT  with  appropriate  interference  filters.  Figures  4  a)  and  b)  show  typical 
emission  profiles  at  these  frequencies,  plus  the  total  emission  profile  at  2.5  and  6  kHz,  respectively. 

At  lower  frequencies,  we  can  clearly  see  two  peaks  of  total  emission.  The  first  one  is  produced  by  the 
streamer,  whereas  the  second  one  corresponds  to  the  short  spark.  It  is  obvious,  that  N2(C)  species  are 
produced  mainly  during  the  streamer  phase  and  0(5P)  species  during  the  spark  phase.  The  emission 
profiles  also  reflect  the  shortening  of  the  streamer-to-spark  delay  time  with  increasing  /  The  two 
emission  peaks  therefore  approach  to  each  other  and  it  is  difficult  to  distinguish  them  at  higher / 


900 

800 

700 

g.600 

•”500 

400 

300 

200 


i — i — i — | — i — i — i — | — i — i — i — | — i — i — i — | — i — i — i — | — i — i — r 

O  emission  0-20  ns  after  streamer  9  ) 
A  integrated  emission 


A 


J _ I _ I _ I _ 1 _ I _ I _ I _ I _ I _ I _ I _ I _ I _ I _ I _ I _ I _ I _ I _ I _ I _ L 


0  2  4  6  8  10  12 

frequency  [kHz] 


3,000 

2,500 


"i- 1 ”i  "i  |  “i  y-r  i"  | — j— |  -■  | — | — |  -j — i  -|  i  i  rr1 

-  O  2.5  kHz  (trig,  by  streamer) 

A  6  kHz  (trig,  by  streamer) 

□  6  kHz  (trig,  by  spark) 


2,000  r 
“1,500  r 


1,000  - 


500  b. 
0 


b): 


-  transition  to  spark  (6  kHz)  T 

1  'M 


a-;‘ 


A 


T 


O  ^ 


„  ■  y  '  mean  time  of  transition  - 

to  spark  (2 .5  kHz) 

i  i  i  i  I  i  i  i  i  I  i _ i  i  i  I  i  i  i _ i  I  i  i  i  i  I  i  i  i  i 


0  50  100  150  200  250  300 

time  [ns] 


Fig.  5.  The  rotational  temperature  Tr  of  N2(C)  as  function  of/ (a)  and  time  evolution  of  Tr  (b). 


The  total  emission  from  N2(C),  obtained  as  an  integral  of  PMT  profiles,  does  not  change  significantly 
with  /  The  reason  may  be  that  N2(C)  are  mostly  produced  by  collisions  of  energetic  electrons  with 
N2(X)  during  the  streamer  phase  of  TS  and  the  properties  of  streamers  (E/N,  density  of  electrons  ne) 
do  not  change  significantly  with  increasing  /  On  the  other  side,  the  total  emission  of  0(5P)  decreases 
with/quite  significantly.  This  can  be  explained  by  changes  of  the  spark  pulse  phase  of  TS  with/ (Fig. 
3a),  since  0(5P)  are  mostly  produced  during  this  period.  Another  possible  explanation  might  be  a  more 
complicated  mechanism  of  0(5P)  generation.  We  suggest  the  following  three  step  mechanism: 


e  +  N2(X)  -»■  e  +  N2(B,  C) 

streamer  phase 

a) 

N2(B,  C)  +  O :  ->  N2(X)  +  2  0(3P) 

streamer-to-spark  transition  phase 

(2) 

e  +  Q(3P)  -►  e  +  0(SP) 

spark  phase 

(3) 

As  the  streamer-to-spark  transition  phase  shortens  with  the  growing  /  less  and  less  0(3P)  atoms 
accumulate  for  the  production  of  0(5P)  during  the  high  current  phase  by  the  reaction  (3).  This  does  not 
necessarily  mean  that  the  production  of  O(  ’P)  decreases  significantly  with/  it  could  be  just  shifted  to 
later  phase  of  TS,  after  the  high  current  phase.  Flere,  E/N  is  not  strong  enough  for  electrons  to  gain 
energy  needed  to  excite  0(3P)  to  0(5P).  Flowever,  we  cannot  exclude  other  reactions  that  could  be 
responsible  for  the  production  of  0(5P),  e.  g.  reactions  including  some  metastable  species  such  as 
N2(A),  NO(A),  02(a),  02(b)  or  O('D). 

As  can  be  seen  in  Fig.  4,  PMT  profiles  are  quite  noisy.  The  reason  is  that  these  emission  profiles  are 
from  single  TS  pulses.  It  was  not  useful  to  acquire  emission  profiles  by  accumulation  of  many  pulses 
due  to  a  random  character  of  streamer-to-spark  transition.  Data  from  iCCD  camera,  where  the 
accumulation  was  necessary,  were  therefore  used  mainly  for  the  calculation  of  rotational  temperature 
Tr  of  N2(C)  species,  obtained  by  fitting  the  experimental  spectra  of  N2  2nd  positive  system  with  the 
simulated  ones  (using  Specair  program  [9]).  We  further  assumed  that  in  our  plasma  Tr  ~  Tg  . 

Let  us  explain  the  reason  of  the  Uts  decrease  with  increasing  /  from  the  measured  Tr.  At  the  first 
moment  it  seems  that  T,‘"“  calculated  from  the  initial  0-20  ns  from  the  beginning  of  the  emission 
induced  by  streamer  increases  only  slightly  with  /  from  about  300  to  450  K,  compared  to  Tr‘°,al 
calculated  from  time  integrated  emission  of  TS  (typical  integration  time  300  ps  -  3  ms),  which 
increased  to  around  700  K  (Fig.  5a).  However,  even  this  small  Tr  increase  to  450  K  is  enough  to  keep 
an  average  E/N  in  the  gap  about  70  Td  when  the  gap  potential  at  the  breakdown  voltage  Uts  decreases 
from  about  7  kV  to  4.5  kV  (Fig.  3a).  The  value  of  T,'°,al  we  previously  used  to  describe  the  increase  of 
Tg  with  increasing /has  actually  no  physical  meaning.  To  explain  it,  let  us  first  look  at  the  dependence 
of  Tr  on  the  time  from  the  beginning  of  the  streamer  (Fig.  5b). 

At  both/=2.5  kHz  and  6  kHz  we  observed  approximately  linear  increase  of  Tr  with  time,  from  initial 
-300  and  -400  K,  respectively.  This  heating  is  faster  at  6  kHz,  but  in  both  cases  a  streamer-to-spark 
transition  occurs  when  T,  -1000  K.  We  thus  suppose  that  the  increase  of  /,  is  a  dominant  mechanism 
responsible  for  the  streamer-to-spark  transition,  leading  to  the  increase  of  E/N  in  the  streamer  plasma 
column  from  about  60-70  Td  to  about  -150-170  Td  due  to  the  decreasing  N,  under  an  assumption  of 
the  constant  pressure. 


The  reason  why  the  delay  between  the  streamer  and  spark  phase  shortens  with  /  can  be  explained  by  a 
faster  growth  of  Tg  with  increasing/  However,  this  will  require  further  research  and  deeper  analysis, 
including  kinetic  modeling  to  explain  why  the  growth  of  Tr  accelerates  with / 

During  the  spark  phase,  T,  increases  even  faster  and  can  reach  at  least  -2500  K  (Fig.  5b),  but  we  were 
not  able  to  measure  it  longer  than  -250  ns  from  the  beginning  of  the  streamer,  because  the  2nd  N2 
positive  signal  became  too  week. 

Finally,  relatively  significant  increase  of  Tr'otal  with  /  can  be  also  explained  by  a  faster  growth  of  T, 
with  time  at  higher  discharge  frequencies.  Despite  the  fact  that  the  whole  N2(C)  emission  profile 
contributes  to  Trlotal,  we  suppose  that  initial  -100  ns  with  the  strongest  intensity  dominate.  Thus,  T,"’,a! 
represents  only  something  like  average  T,  during  these  -100  ns  after  the  beginning  of  the  streamer 
emission.  At  2.5  kHz,  Tr  increases  to  about  600  K  during  these  period,  whereas  at  6  kHz  it  is  already 
-1000  K,  which  gives  T'a,al  around  400  K  and  600  K,  respectively.  In  fact,  significant  changes  of  T, 
during  these  -100  ns  also  explains  large  errors  of  T‘otal,  despite  the  signal  was  strong  enough  during 
the  measurement  of  time-integrated  spectra.  In  time-resolved  measurements  with  iCCD  gate  open  for 
up  to  20  ns,  the  major  sources  of  uncertainties  were  a  weak  signal  and  a  random  character  of  TS. 


4.  Conclusions 

We  investigated  electrical  characteristics  and  time-resolved  emission  profiles  of  a  DC-supplied 
periodic  streamer-to  spark  transition  discharge  in  atmospheric  air,  called  transient  spark  (TS).  Thanks 
to  the  small  internal  capacity  of  the  discharge  chamber  and  a  limiting  series  resistor,  TS  is 
characterized  by  the  very  short  spark  pulse  duration  (-10-100  ns)  with  peak  current  1-10  A.  TS  can  be 
maintained  at  low  energy  conditions  (0.1-1  mJ/pulse)  and  generated  plasma  cannot  therefore  reach 
LTE  conditions,  though  the  current  pulse  can  lead  to  temporary  increase  of  temperature  to  -2500  K. 
The  global  temperature  however  remains  relatively  low,  since  even  at  repetition  frequencies  above  1 0 
kHz,  each  streamer-to-spark  process  starts  at  -450  K. 

Subsequent  increase  of  temperature  to  -1000  K,  accompanied  by  the  increase  of  the  reduced  electric 
field  strength  inside  the  plasma  channel,  governs  the  streamer-to-spark  transition.  Shortening  of  an 
average  streamer-to-spark  transition  time  with  increasing  TS  frequency  can  be  explained  by  an 
acceleration  of  temperature  growth.  The  reason  for  this  acceleration  will  require  further  research. 

More  research  is  also  needed  to  explain  chemical  effects  of  TS.  Emission  profiles  show  that  streamer 
is  responsible  for  significant  part  of  the  total  emission  and  for  almost  all  emission  of  N2  2nd  positive 
system.  This  proves  the  importance  of  streamer  in  plasma  chemistry,  but  it  does  not  explain  why  TS 
was  demonstrated  more  efficient  for  bio-decontamination  than  streamer  corona.  [5]  We  suppose  that 
during  the  initial  phase  of  the  spark  pulse,  the  strong  chemical  effect  can  be  maintained  thanks  to  the 
combination  of  a  relatively  strong  reduced  electric  field  (>100  Td)  and  a  high  electron  density. 
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